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Abstract

Low Cost High Gain Millimeter Wave Planar Antennas

Yazan Al-Alem, Ph.D.
Concordia University, 2019

The advent of the fifth generation of wireless communication systems mandates the use of
high gain antennas for transceiver front ends. The use of high gain antennas is very vital in order
to compensate for the high path loss of the propagating signals at millimeter wave frequencies.
There are many methods to implement high gain antennas; many of those solutions are expensive
and complicated in terms of its fabrication process. Here, we emphasize 60 GHz high-gain
antennas based on the low cost planar printed circuit board technology. The proposed solutions
are low cost with high performance metrics. The proposed antennas suit short range, low power
applications, such as wireless personal area networks (WPAN). Nonetheless, the study provided
for the proposed structures reveals new physical insights, and new methods for the design

procedure, where the design procedure becomes very straightforward.

The first proposed structure utilizes the radiation losses in microstrip line discontinuities
to implement an efficient high gain radiator at 60 GHz. The second proposed structure utilizes the
diffracted fields from the edges of metal sheets as secondary radiating sources to boost the gain of
the element. Also, an increased distance between the antenna elements can be achieved without
generating grating lobes; this can be comprehended by visualizing each element as a subarray of
radiating sources. Such a concept has a significant implication on the relaxation of the design of
feeding networks. The single antenna element realized gain goes up to 11.5 dBi, the 10 dB return

loss bandwidth covers the 60 GHz ISM band, and the radiation efficiency goes above 90%.

A Magneto-Electric (ME) dipole is usually designed by superimposing electric and
magnetic current elements orthogonally on each other. A new design procedure is proposed, which
can transform the radiation characteristics of an electric or magnetic current element to a Magneto-

Electric dipole characteristics. The proposed procedure doesn’t require the orthogonal combination
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of the magnetic and electric current elements. Hence, the procedure possesses a significant
advantage, where it avoids the need for a quarter free-space wavelength spacing between the
current element and the metallic ground plane. In addition, the proposed design increases the
antenna gain dramatically, where the proposed structure has a boresight gain of 11.5 dBi, and a
relative bandwidth of 13% centered at 60 GHz. The antenna element has been employed in a planar

antenna array to achieve a gain of 22 dBi.

A novel technique is proposed to enhance the gain of a Dielectric Resonator Antenna
(DRA) over a wideband range of frequencies. The proposed antenna structure has a relative
bandwidth of 27.5% in the 60 GHz band, and a peak realized gain of 12.5 dBi. The peak of the
total antenna radiation efficiency is 96%. The proposed antenna is suitable for high data rate short
range personal area networks applications. Printed Electromagnetic Band Gap (EBG) technology
is used to feed the antenna to eliminate any parasitic radiation from the feed line. The
characterization of 60 GHz antennas is very challenging. The end launch connector used to feed
the antenna at such frequency is relatively large compared to the antenna dimensions, and that
consequently affects the accuracy of the characterization of the antenna, especially if it is in the

vicinity of the antenna. EBG surfaces have been used to resolve such characterization impairments.

In a 5G network, the data is communicated at mm-wave frequencies between various
communicating entities. The communicated high frequency signal is processed internally within
the communicating entity itself. Thus, the data is communicated through electrical interconnects
between several chips or between several sub-circuits within the chip. In such a way, those
electrical interconnects between various sub-circuits within an Integrated Circuit (IC), or between
several adjacent ICs, play a vital role in defining the performance limits of any system. As the
frequency of operation gradually increases, the design of interconnects, whether within the IC
environment (intra-chip) or between several adjacent ICs (inter-chip), turn into a more challenging
task. As the frequencies of operation increase, the proper interconnect guiding structure
dimensions become infeasible to realize, or it might exhibit a high level of losses, and large
intrinsic RC time delay. Moreover, by the increase of the number of interconnects, the mutual
coupling between the interconnect structures become more severe, not to mention the complexity,
and associated cost of such design. The wireless interconnects concept (wireless intra-chip/inter-

chip communication) emerged as a suggested remedy to the high frequency interconnect problem.
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We provide a study of several aspects of wireless inter-chip communication between adjacent ICs
at mm-wave frequencies. The symmetrical layers concept is introduced as a general approach to
eliminate the destructive interference and redirect the wasted radiated energy to free space towards
the receiving antenna. In addition, the use of hard/soft surfaces and EBG structures to focus the
radiated energy towards the receiving antenna is studied thoroughly. The use of such concepts has
tremendous advantages, in focusing the energy towards the receiving antenna and eliminating the
spherical spreading losses introduced by the radiated spherical wave nature. The incorporation of
the symmetrical layers with hard/soft surfaces led to novel compact, low-cost wireless inter-chip

structures with enhanced link budget performance.
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CHAPTER 1

INTRODUCTION

1.1 Overview

As the future of wireless communication systems is heading towards the fifth generation,
whereby operating at higher frequencies, the ability to communicate high data rates would become
feasible. Where at such frequencies, designing narrowband front-end systems would allow the
communication of high data rates. For instance, a 3% relative bandwidth at the 60 GHz ISM band
would result in 1.8 GHz of bandwidth. However, at lower frequencies such as the 2.4 GHz ISM
band, it would result in only 72 MHz of bandwidth. This idea motivates the migration of current
wireless technologies to operate at millimeter-wave frequencies. Hence, utilizing such higher
millimeter-wave frequencies would allow for higher data rates, typically, more than one Gbps [1]
[2]. On the other hand, the design of the physical layer becomes very challenging, and the path
loss that the electromagnetic waves would encounter becomes considerably significant and
consequently limits the range of wireless communication. The design of any 5G communication
system operating at mm-wave frequencies includes several aspects, starting from the signal
processing at the baseband towards the high-frequency signal launching at the transmitter antenna,
and the inverse operation back again at the receiver side. There are several details, and many
suggested solutions at each level that would guarantee the signal fidelity, and a low bit error rate
wireless communication. In this work, we focus on the antenna design of the system. As mentioned
previously, the high path loss is significant at millimeter wave frequencies, and that would
eventually limit the operating range. The currently proposed remedy to this issue is to increase the
directivity of the transmitting and receiving antennas. This can be simply noticed from the pretty
well-known Friis Transmission Equation, whereby increasing the directivity of the antenna, the
spherical spreading, and attenuation from the medium can be compensated. Therefore, high gain

antennas play an essential role in compensating the high path loss that wireless signals encounter
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at such frequencies [1], [2]. The past decade has witnessed many several innovative works in this
regard [3]-[10], however, there is still plenty of room for more innovative new solutions that would

still satisfy high performance and would be a low cost at the same time.

1.2 Problem Statement

As high gain antennas are an essential part of any 5G system, there is a high motivation for
implementing high gain antennas, especially in the 60 GHz band. There are various applications
in the 60 GHz band. It can be used for medical imagining, personal wireless area networks
(WPAN), and high definition video TV (HDTV). A vast literature exists, and a good start can be
found in [2]. Usually, the fabrication of high gain antennas is expensive and requires special
fabrication facility due to the tiny dimensions with the highest accuracy possible. In this work, we
propose new low cost structures at 60 GHz that can be fabricated in any modest fabrication facility,
and at the same time maintain high performance metrics. To shed light on some aspects related to
the wireless front end design of the communicating entities in a 5G network, the following

discussion is provided.

In wireless communication systems, the received signal level is very crucial in maintaining high
throughput. The given example is not unique, as the applications and system architectures can
vary. However, it is very beneficial to highlight the important role that high gain antennas play in
the transceiver system chain. Fig. 1.1 shows an indoor space to be covered by a 5G wireless
service. In the shown scenario, the access point communicates data with the user equipment, the
wireless link in such case operates at mm-wave frequencies, which implies that the path loss is
high, and the received signal experiences a high level of attenuation. In many cases, asymmetrical
bandwidths are assigned for the uplink and downlink channels. As it is usually the case that the
end user demand for data download is higher than the upload; however, this could differ depending
on the nature of the coverage space requirements. As the downlink is expected to operate at a
higher speed (i.e., wider bandwidth) than the uplink, the minimum received signal level by the
user equipment is more of a concern than the received signal by the access point, in such case the
minimum received signal level by the user equipment should be high enough to maintain an

adequate quality of service.



As the signal suffers from high path loss, this suggests that higher gain should be assigned to the
transmitter Power Amplifier (PA), which means higher power consumption, and a higher
possibility of non-linear distortion. At the receiver side of the user equipment, it suggests a higher
gain should be assigned to the Low Noise Amplifier (LNA), and this would result in a high power
drain at the user equipment, which could be a critical factor, especially for the battery life of mobile
devices. In addition to that, a higher noise factor is expected for high drain current amplifiers, not
to mention the increased complexity of the design. Fig. 1.2 shows an alternative scenario where a
high gain antenna is employed at the transmitter end of the access point. Employing such high gain
antenna would relax the gains of the access point transmitter PA, and the user equipment receiver
LNA. In such a case, the increase in the transmitter antenna gain compensates the propagation
losses, and maintain an adequate signal level at the receiver side. However, using high gain antenna
is associated with a narrower beam-width (comparing the beam-width angles a and ), and would
result in smaller coverage, which consequently would increase the number of access points to
cover the intended space. Such drawback would still be bearable against the other advantages
obtained from relaxing the amplifier gains. In such a scenario, the reduction in the access point

cost is highly desirable.
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Figure 1.1: Low gain access point antenna coverage.
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Figure 1.2: High gain access point antenna coverage.

In a 5G network, the data is communicated at mm-wave frequencies between various
communicating entities. The high frequency signal is processed internally within the entity. In
many cases, the high frequency signal can be transferred between several ICs. A typical scenario
is when different technologies are used on a single board, as an example the chosen stack for a
power amplifier, and an up-converter circuit are different, where the power amplifier stack could
be chosen to handle higher power level than the up-converter stack. Multiple ICs on board with
different technologies can be designed to optimize both performance and cost. In such a scenario,
the high frequency signal has to be transferred from one IC to another through bonding wires.
However, as the 5G wireless system is intended to operate at mm-wave frequencies, the bonding
wires will degrade the signal quality. A remedy to this issue is to communicate the data wirelessly
between several ICs, as shown in Fig. 1.3. Therefore, this work has been extended to include the
design of a novel low-cost wireless inter-chip links structures with enhanced performance metrics.
Hence, this thesis investigates low-cost, high-performance antennas for 5G/mm-wave
communication, externally between communicating devices/entities, and internally within any

device between its internal ICs.
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Figure 1.3: Wireless inter-chip communication

1.3 Motivation

The 5™ generation migration of the current wireless systems is very valuable, the leap in the
data rates of communicating devices that the 5" generation can provide will allow for a higher
quality of video calls, high-speed data transfer, and allow for several online and real-time
streaming applications. One of the looked for applications is Virtual Reality (VR). Several
activities would be possible through VR; it could be used for entertainment, educational, and even
medical purposes. For example, hologram models that can describe atoms, human organs, or even
electromagnetic problems can be demonstrated with a better understanding and visualization
through virtual reality technologies. However, such technologies would require a high amount of
data to be communicated in real time; such communication can be only practically realized by
having a high data rate communication system such as the sought after the 5G system. Any 5G
handset or wireless communicating entity involves a variety of sub-systems, and requires
multidisciplinary expertise to be involved, in this work we give more focus on the launching of

electromagnetic signals through antennas, targeting new high performance and low cost solutions.



1.4 Literature Review

Various methods were employed to design high gain antennas at millimeter wave frequencies.
In [11], an active microstrip antenna integrated with a three-stage pseudomorphic high electron
mobility transistor amplifier was designed. Such an active antenna design is suitable for
narrowband wireless local and personal area networks (WLAN/WPAN) applications. However, it
demands a considerable amount of power consumption, which can constitute some limitations for
mobile devices. In [12], a high gain array was comprised of radiating slots that are fed through the
substrate integrated waveguide (SIW) power divider network. Such design is very robust in terms
of its radiation characteristics because of the SIW feeding network, which is sufficiently
shielded/packaged type of feeding networks [13]. On the other hand, it is comparatively expensive
due to the required vias as compared with vialess planar structures. In [14], a 60 GHz antenna array
with a dual-resonant slot-patch antenna was designed using LTCC technology. The shrinking
effect of the LTCC substrates makes it more challenging and expensive in terms of its fabrication
process. In [15], a monolithic polymer-based high gain Dielectric Resonator Antenna (DRA) was
implemented efficiently. Nevertheless, such design would still require special fabrication process,
and might not seem as low profile as printed solutions. In [16] a wideband magneto electric dipole
antenna was designed, despite the high bandwidth feature of magneto-electric dipoles, they are
still not known for being low profile, and they require several substrate layers. In [17], [18] printed
dipole antennas were designed at 30 GHz using printed circuit board technology, the element
radiation pattern is an end-fire, and would still be limited to linear array configurations. Moreover,
the gain was not maximized for the single element. In contrast, in this work, we investigate the
boresight type of elements that would fit well in a planar type of an array. At the same time, we
investigate the design at 60 GHz band, where the use of printed circuit boards is still not ubiquitous
due to the radiation losses. In [19], [20] SIW fed 60 GHz antennas were implemented as well. In
[21] LTCC type of structure was implemented at 60 GHz, the LTCC technology is well suited for
a high level of integration, and can push down the size of the structure effectively. However, it is
still expensive and more demanding in terms of the fabrication process due to the shrinking effect.
In [22], a broadband 60 GHz slot antenna was designed. The bandwidth of the antenna was
optimized using a cavity in beneath of the antenna. The EBG feeding provides reasonable

efficiency and suitable shielding mechanism. However, the antenna gain was compromised in this



work, not to mention also the cost associated with printed EBG structures. In [23] 60 GHz on-chip
antenna using an integrated passive device (IPD) process was implemented. Such a process
provides a high level of integration. On-chip designs are known for their low efficiencies due to
the silicon substrate. In this IPD process, efficiency is improved due to the use of a glass substrate.
In [24], a 60-GHz end-fire fan-like antenna with a wide beam-width was implemented, as this
would imply, the wide beam-width reflects a relatively lower gain. Another aspect, is the material
characterization at such high frequencies, where the commercial substrates are not fully
characterized at mm-Wave frequencies, especially the 60 GHz band, several effects, such as
surface-waves and copper roughness become more noticeable at those frequencies. In [25], several
commercial substrates were characterized at 60 GHz, taking into account all the aforementioned

effects.

Another proposed direction to implement high gain antennas is the use of superstrates to
increase the antenna gain. It is well known that arrays are used to achieve high directive radiation
characteristics, and a 3-dB gain increase is possible by doubling the number of the elements that
double the array size. When the number of elements becomes massive, the mutual coupling
between the antenna array elements becomes more severe. Also, the design of the feeding network
becomes more challenging, which causes high losses, especially at high millimeter-wave
frequencies [26]-[28]. On the other hand, to improve the matching bandwidth, it is common to use
a matching circuit (such as Chebyshev and Binomial transformers) [29]. Such matching circuit
design would require extra area, and sometimes it would be challenging to accommodate such a
matching circuit within the feeding network environment. A different type of antenna called Cavity
Resonant Antenna (CRA) (sometimes also known as a Resonant Cavity Antenna, or RCA) is
proposed as a solution to the aforementioned issues. The name stems from the fact that the antenna
is usually bounded between two substrates (the substrate holding the antenna and the superstrate),
similar to the Fabry—Pérot resonator structure, therefore it is also referred to as Fabry—Pérot
resonator antennas. The existence of a superstrate in the vicinity of the antenna changes the antenna
radiation resistance and reactive impedance, and hence the superstrate can be considered as a
design element that can be controlled to control the antenna impedance characteristic, for example
lowering the quality factor and increasing the matching bandwidth. The successive in-phase
bounces of the trapped waves between the substrate and the superstrate provide a valuable

contribution to the boresight direction and increase the directivity [30]-[32]. This suggests that the
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use of CRA can eliminate the need for an array to increase the gain. On the other hand, due to the
necessity of having a superstrate at free space wavelength distance from the antenna, the structure
might get obtrusive and less low-profile. However, as we scale up in frequency, the wavelength
becomes physically small, and hence the spacing between the substrate and the superstrate
becomes very small in such a way that the antenna would still be considered as a low-profile

antenna [33] (for example at 60 GHz, the free space wavelength is 5-mm).

1.5 Proposed Methodology

Adapting to the current requirements for the future generations of wireless technologies at mm-
wave frequencies, our designs focus on the design of low cost, low profile, planar, and high gain
antennas at 60 GHz. The proposed structures suit short range, low power applications, such as
wireless personal area networks (WPAN). The proposed structures can be realized in any modest
fabrication facility. The proposed antennas presented in Chapter 2 are based on a new design
perspective, which utilizes microstrip line discontinuities radiation, to create an efficient, high
gain, 60 GHz low profile antenna. The proposed antenna uses only a single substrate and has a
high gain of 11.5 dBi; the antenna can be used in a linear array with the separation distance between
the elements to be in the order of a wavelength without generating grating lobes. The compelling
feature of the proposed structures is the simplicity, and low cost (single substrate with no vias),
while at the same time maintaining a very high gain at the element level and a decent bandwidth.
The second proposed antenna in Chapter 3 utilizes the diffracted fields from plane metallic sheets
to achieve a gain of 11 dBi. The antenna has a matching bandwidth of 7 GHz (from 57 to 64) to
cover the 60 GHz ISM band. The antenna can be employed in a linear array with around one
wavelength distance between the feed points without generating any grating lobes. In Chapter 4, a
new design perspective is proposed, the proposed design procedure can transform the radiation
characteristics of an electric or magnetic current element to Magneto-Electric dipole
characteristics. The proposed procedure doesn’t require the orthogonal combination of the
magnetic and electric current elements [34]. Hence, the procedure possesses a significant
advantage. It avoids the need for a quarter free-space wavelength spacing between the current

element and the ground plane that makes it a low cost and a high performance solution. In Chapter



4, a novel technique is proposed to enhance the gain of a Dielectric Resonator Antenna over a

wideband range of frequencies, producing a high gain and a low cost solution.

In Chapter 5, we provide a study of several aspects of wireless inter-chip communication
between adjacent ICs at mm-wave frequencies. The symmetrical layers concept is introduced as a
general approach to eliminate the destructive interference and redirect the wasted radiated energy
to free space towards the receiving antenna. In addition, the use of hard/soft surfaces and
Electromagnetic Band Gap (EBG) structures to focus the radiated energy towards the receiving
antenna is studied thoroughly. The use of such concepts has tremendous advantages, in focusing
the energy towards the receiving antenna and eliminating the spherical spreading losses introduced
by the radiated spherical wave nature. The incorporation of the symmetrical layers with hard/soft
surfaces led to novel compact and low cost wireless inter-chip structures with enhanced link budget

performance.



CHAPTER 2

EFFICIENT MILLIMETER-WAVE ANTENNA BASED
ON THE EXPLOITATION OF MICROSTRIP LINE
DISCONTINUITY RADIATION

2.1 Utilizing Microstrip Open Ended Line Radiation

2.1.1 Introduction

Microstrip lines were initially invented as guiding structures. They are abundantly used in the
design of passive components such as filters, couplers, and power dividers. Also, they play a vital
role in the design of antenna feeding networks [29]. Therefore, the objective is always to minimize
any losses as much as possible while carrying out the electromagnetic energy from one point to
another. Microstrip line losses are due to dielectric losses, conduction losses, and radiation losses.
Radiation losses are usually dominant at discontinuities; such discontinuities would be open stubs,

short stubs, T-junctions, and microstrip line bends [35].

Here, an advantage of the radiation losses encountered in microstrip line discontinuities is
utilized to create an efficient radiator. To clarify the concept, the radiation mechanism of a printed
dipole on a thin substrate, as shown in Fig. 2.1.1 is to be discussed. The substrate thickness is
negligible compared to the guided wavelength. According to image theory, such configuration
makes an inefficient radiator [36]—[38]. The fringing electric fields at the ends of the dipole and
the electric field created by the gap of the antenna constitute aperture fields [27]. Those aperture
electric fields can be replaced by equivalent magnetic currents according to the equivalence
principle [36]. However, the area of the aperture of the fringing electric fields at the edges and the

gap electric field is tiny, and consequently, the antenna gain is expected to be low.
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To improve the antenna gain, the following modifications are proposed, as shown in Fig. 2.1.2.
First, the gap of the dipole is increased, so that there are now four fringing electric fields at the
edges of the dipole strips, which are equivalent to four magnetic currents. Again, this can also be
visualized as four magnetic currents antenna array. To have boresight radiation with no grating
lobes, the gap distance should be less than a half wavelength. By maintaining a differential feeding
to the strips of the dipole, all four magnetic currents are in phase. The differential feeding can be
achieved by the 180° phase shifter or a half-guided wavelength delay line. To have an efficient
radiator with a high gain, this dipole can be duplicated, as shown in Fig. 2.1.2 (D). This will

increase the aperture area of the fringing electric fields at the ends of the dipole strips [39].
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Figure 2.1.1: Electric current dipole backed by a thin substrate, (A) Isometric view, (B) Side
view, and (C) Top view.
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The configuration shown in Fig. 2.1.3 is a proposed realization. The used substrate is Rogers
5880, the thickness of the substrate is 0.254 mm, the relative permittivity of the substrate is 2.2,
and the calculated guided wavelength is 3.37 mm at 60 GHz. As shown in Fig. 2.1.3, there are
three dipoles separated by (E = 0.2 mm), and they have a gap distance of (A =2 mm). The complete
set of dimensions is tabulated in the inset table in Fig. 2.1.3. The microstrip line section denoted

by “A” provides the differential feeding.

Fig. 2.1.4 shows the electric field heat map of the proposed structure. The heat map is calculated
at 60 GHz. It can be noticed that the fringing fields at the ends of the dipole create an equivalent
magnetic current. Also, it can be noticed that those are the only main radiating sources, as other
fringing fields in other feeding microstrip lines are out of phase on both sides of each line.
Therefore, there is no significant radiation. Another perspective that can be carried out is that the
discontinuities are created by the open-ended stubs, and the T-junctions connecting the open-ended

stubs to the loop, and those discontinuities radiate.
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Figure 2.1.2: Proposed modifications to the electric current dipole backed by a thin substrate. (A)
Side view, (B) Top view, (C) Equivalent image problem of (A), and (D) Proposed duplicated
structure.
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Figure 2.1.3: Proposed antenna structure.
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Figure 2.1.4: Electric field intensity heat map of the proposed antenna at 60 GHz.

Fig. 2.1.5 shows the surface current density heat map at 60 GHz. As compared with the electric
field intensity, the maximum surface current density locations correspond to the minimum electric
field intensity locations as expected. Since the dipole strips are half guided wavelength, their input
impedance of the loop is expected to be infinite (i.e., open circuit). The radiation resistance of an
open stub is infinite, and that creates a total mismatch. Therefore it is difficult to use an open stub
to radiate, even though it has an infinite radiation resistance, and this is due to the total mismatch,

where all the energy is reflected back.
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There are two types of equivalent circuit models that can be considered to model the structure.
The first model is usually referred to as an artificial circuit model, which assumes the structure to
be lossless, and only made of LC elements [40]. This type is beneficial to study the dispersion
characteristic of various structures. The second type is the typical equivalent circuit model, which
includes the losses in the structure (such as radiation, surface waves, dielectric losses, conductor
losses, etc.). There have been several studies to obtain equivalent circuit models for microstrip line
discontinuities, such as the bends, T-junctions, and open stubs [35]. However, those models’

accuracies and validity are not guaranteed at millimeter-wave frequencies.
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Figure 2.1.5: Surface current density intensity heat map of the proposed
antenna structure at 60 GHz.

One of the early approximate equations that evaluate the radiation resistance for the open stub
is given in (2.1.1) [41]. This approximate equation is useful in indicating the relation between the
radiation resistance of an open stub with frequency. It can be shown that the radiation resistance
decreases with the increase of frequency in a nonlinear fashion. Therefore, this indicates that there
will be a specific high frequency at which the open stub can be matched to a typical 50Q2
impedance, and consequently radiate efficiently. This also backs the idea that microstrip line
discontinuities can be utilized for the sake of creating an efficient radiator at higher millimeter-

wave frequencies. As shown in Fig. 2.1.6, the radiation resistance is calculated by assuming a
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constant aperture field at the end of the line. From the radiated energy, the input impedance can be
derived. The reactive part of the energy can be modeled as an additional extension to the line as

given by the empirical equation (2.1.2) [40].

G = gy (ﬁj (2.1.1)
180 | 4

e . +0.3
L ~0412h| 2 [W/ h +0'262j (2.1.2)
€., —0258 |\ w/h—03813

Figure 2.1.6: Open-ended microstrip line.

The three open stubs input impedances are expected to be high (ideally open circuit), the surface
current density heat map, shows that the current is minimum at the input of the stubs as expected.
Also, it can be noticed from Fig. 2.1.5 that this minimum current value is distributed almost
uniformly over the input of the three stubs. Therefore, the dotted section in Fig. 2.1.5 can be
approximated by a zero-length line, with the input impedance of the three stubs in parallel.
Therefore, having the three stubs in parallel will divide their input impedance by roughly a factor
of three. In addition, the other side of the stub (i.e., the T-Junction backside) is contributing to the
radiation, and this is equivalent to a parallel impedance to the stub input impedance, and this will
also reduce the input impedance further and ease up the matching. The whole structure can be
approximated by the model shown in Fig. 2.1.7. Next step is to manifest the advantage of having
a loop in the structure. The main idea is to maintain the loop length equal to an integer multiple of

a half-guided wavelength to generate impedance resonances at the input. The upper and lower
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horizontal sections are already half of a wavelength, where they act as 180° phase shifters to
maintain the differential feeding. The length of the vertical sides is chosen to be one guided
wavelength. Thus, the current directions in the left and right stubs are the same. Fig. 2.1.8 shows

the vector field current distribution.

Current Flow
Direction

Current Flow
Direction

Figure 2.1.7: Approximated equivalent model of the proposed antenna.
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Figure 2.1.8: Vector field current distribution at 60 GHz.
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By taking the ABCD-matrix (T-matrix) of each section in Fig. 2.1.7, the equivalent circuit shown
in Fig. 2.1.9 can be obtained. Cascading all the T-matrices, an equivalent T-matrix can be obtained,

as shown in Fig. 2.1.10, and the input impedance can be derived as follows:
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Figure 2.1.9: Equivalent T-(ABCD) matrix.

T =T,TTTTTTT, (2.1.3)
e, ]z 2.14
lyo1) T (2.1.4)

| cos(BD)  jZ,sin(Bl)
: _L'Yo sin(fl)  cos(Bl) } (2.1.5)
o 2.1.6
“|lc D (2.1.6)
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Figure 2.1.10: Evaluating input impedance from the equivalent T-matrix parameters

e ol
= (2.1.7)
L] |c bl

‘/in ] A B ‘/iil
= (2.1.8)

I,+1,] |c Db 1,
Z, = ‘1/ (2.1.9)

And hence the input impedance can be written as:

Z :(c+(DL;_A)J_ (2.1.10)

m

Also, by looking only at the center frequency, where;

Yl
=22 Bl=x 2.1.11)
2
vV oz
=i L 2.1.12
m I 2 ( )

This simple analysis has two main significant observations. (1) The input impedance is half of
Zr, which is the main advantage of having the loop that takes a left and right open stubs impedance

combination in parallel and divides the input impedance of the open stubs by two. This helps to

19



reduce the impedance to match the 50Q, and basically, manifest the advantage of having a loop in
the structure. (2) The input impedance can be easily obtained from (2.1.10). Fig. 2.1.11 shows the
input impedance real and imaginary parts for various characteristic impedances for the loop
microstrip line. It is noticeable that the quality factor is reduced (bandwidth is increased) by having

a higher characteristic impedance of the loop microstrip line.
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Figure 2.1.11: Calculated input impedance from equation (2.1.10)
“normalized to Zin maximum.”

This analysis is not mathematically rigorous, neither it is accurate in determining the exact input
impedance and quality factor due to the lack of accurate equivalent circuit models for each section
at such high millimeter-wave frequencies. Those equivalent models ignore various effects, such as
the losses due to the substrate surface waves, the mutual coupling between the open stubs, the
radiation losses in the loop bends, and most importantly the T-junctions, and open-end exact
radiation resistance. Despite this fact, the model is beneficial and very sufficient from an antenna
designer's perspective to determine the resonance frequency, tune, optimize and match the antenna
properly with the aid of a full-wave solver such as HFSS. The model makes it easy to design such

an antenna.
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2.1.2  Simulation and Experimental Results for the Proposed
Structure

Fig. 2.1.12 shows the proposed antenna structure prototype. Rogers-Duroid 5880 (0.254 mm
thickness) substrate is used. The substrate loss tangent is 0.0009. The size of the connector is
massive compared to the antenna size. Introducing such a connector for the sake of measurement
distorts the radiation pattern, therefore longer feeding microstrip line is used to feed the antenna
to reduce the connector effect on the antenna pattern. The extended feeding line introduced higher
losses and more surface waves in the substrate. Fig. 2.1.13 shows S11 and the realized gain of the
antenna versus frequency for both simulated and measured values. Good agreements are observed.
A 3.6% relative bandwidth (10 dB return loss bandwidth) is achieved, which is equivalent to 2.2
GHz of bandwidth. Fig. 2.1.14 shows the radiation patterns (both E- and H-plane). The maximum
realized gain is 11.5 dBi. The 3dB beam-width is 30° in the E-plane, and 60° in the H-plane. It is
important to note that the connector with long feeding line exists only for measurement purposes.
However, in the practical integrated system, the antenna is to be connected directly to the next
circuitry stages, which could usually be a bandpass filter or an amplifier. Thus, such adverse effects

of the connector can be mitigated.

Figure 2.1.12: Photo of the proposed narrowband antenna,
the microstrip line feed length is 21 mm.
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Figure 2.1.13: Realized gain, and Si1 of the proposed antenna.
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Figure 2.1.14: Principal planes radiation patterns, E-plane {Left}, and H-plane {Right}, solid
{Simulated}, dashed {Measured}.

2.1.3  Bandwidth enhancement

One related feature of the proposed antenna structure is its narrow matching bandwidth, and this
stems from the high-quality factor introduced by the radiation mechanism of a magnetic current
close to PEC. To overcome the limitation of the narrow matching bandwidth, one can think of

increasing the substrate thickness in order to reduce the quality factor. However, the price would
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be increased surface waves, and losses. Also, the higher level of surface waves, would distort the
radiation pattern, and interfere with other circuitry on the same substrate, and would even interfere
with the feeding structure of the antenna. Another recommended way to enhance the matching
bandwidth is by adding more impedance resonances within the band of operation. In this structure,
the open stubs are half wavelength, and the loop is multiple of half wavelengths of the center
frequency. Therefore, the structure can resonate at multiples of the center frequency. However,
those resonances are far from each other. Also, the structure can resonate when the stubs are quarter
of a wavelength. By increasing the number of stubs, the loading impedance of the stubs would
differ, and other resonances exist. In such a way, those resonances can be close to each other and
lie in the same band of interest. Fig. 2.1.15 shows the modified structure to obtain a broad matching
bandwidth. It is worth noticing that by modifying the number of stubs, the mutual coupling
between the lines, and their loading impedance to the loop would vary and consequently the input
impedance would differ. It is crucial to emphasize that providing a parametric study of the number
of stubs with different loop lengths is not quite fair, as it would result in different input impedances.
Therefore, the loop length, the phase shift between the left and right stubs, and the length of the
subs were tuned simultaneously to maintain the proper radiation pattern and the required input

impedance within the band of interest.

Fig. 2.1.16 shows the input impedance real and imaginary parts, as can be seen, the real part is
averaged around 50 ohms, and the imaginary part is averaged around zero. Fig. 2.1.17 shows the
electric field heat map of the proposed wideband structure. Fig. 2.1.18 shows the fabricated
prototype. The corresponding Si11 and realized gain versus frequency, for both measured and
calculated values, are shown in Fig. 2.1.19. The antenna is covering the band from 57 to 64 GHz
(11.67%), with a realized gain of 11 dBi. Fig. 2.1.20 shows the principal planes radiation patterns,

both measured and simulated.
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Figure 2.1.15: Proposed wideband antenna structure.
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Figure 2.1.16: Proposed wideband antenna structure input impedance.
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Figure 2.1.17: Electric field intensity and surface current density heat maps at 60 GHz.
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Figure 2.1.19: Proposed wideband antenna structure realized gain and S11 (dB).
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Figure 2.1.20: Principal planes of the wideband antenna at (57, 60, and 63 GHz) from top to
bottom, E-plane {left}, H-plane {right}, dashed lines {measured}, and solid lines {simulated}.
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2.1.4  Linear antenna array

The proposed antenna structure can be employed in a linear antenna array, with a center to center
distance (D > A./2) between adjacent elements, without generating grating lobes. Fig. 2.1.21 shows
the proposed linear antenna array. The center to center distance between the array elements is 7.2
mm (i.e., 1.442,), where the free space wavelength at 60 GHz is 5 mm. This feature of this element
is advantageous in a way that reduces the mutual coupling between the elements and feeding lines.
Also, it provides further flexibility in the design of the feeding network. The idea originates from
the nature of each element, where each element can be thought of as having four magnetic current
elements, as shown in Fig. 2.1.22. And therefore, each element can be considered as a subarray,
and the distance between the adjacent magnetic current elements satisfies the rule of thumb (D <
Ao/2), and hence, prevent the generation of grating lobes. Fig. 2.1.23 shows that the mutual
coupling between the array elements is less than -30 dB. Fig. 2.1.24 shows Si1, and the boresight

realized gain vs. frequency, for both calculated and measured values, good agreement is observed.

€

U EST

Figure 2.1.21: Four-element linear antenna array structure.
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Figure 2.1.22: Four-element linear antenna array structure electric field intensity heat map (Scale
is the same as in Fig. 2.1.17, center frequency is 60 GHz).
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Figure 2.1.23: Mutual coupling between array elements (ports are assigned (1 to 4) from left to
right for the elements shown in Fig. 2.1.22.
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Figure 2.1.24: Antenna array structure realized gain and Si1 (dB).
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Figure 2.1.25: Principal planes of the linear antenna array at (57, 59, and 61 GHz) from bottom
to top, E-plane {left}, H-plane {right}, dashed lines {measured}, and solid lines {simulated}.

Fig 2.1.25 shows the principal planes of the array, as observed, there are no grating lobes. Fig
2.1.26 shows the electric field distribution heat map that indicates a significant amount of surface
waves produced by the feeding network, which reflect on the gain with more losses, and distortion
of the radiation pattern. In addition, the connector has a considerable effect on the radiation pattern.

Fig 2.1.27 demonstrates the effect of the feeding network and connector on the radiation pattern,
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but the performance is still acceptable. Some minor asymmetry is noticed in the principal planes

due to the offset feeding of the element from the left side instead of the center.

Figure 2.1.26: Four-element linear antenna array feeding network electric field intensity heat
map (Scale is the same as in Fig. 2.1.17).
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Figure 2.1.27: Antenna array 3D total realized gain radiation pattern, ideal case {left}, connector
and feeding network effect {right}.

Antennas realization and characterization at millimeter-wave frequencies is very challenging;
this is mainly due to the small physical dimensions of the structure, which requires high precision
fabrication process. Such physical dimensions are very susceptible to tolerance errors. Also, the

excitation method of the antenna is very critical, as using a large metallic connector near the
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radiating structure acts as a large scatterer in the proximity of the antenna environment. Therefore,
the induced currents on the connector body interact with the mounting structure and the
surrounding measurement apparatus (i.e., parts not covered with absorbers). Such interaction is
not considered in the simulation. Therefore, as observed from the measured gain values for the
proposed structures, the measured gain fluctuates within £1 dB uncertainty around the simulated
gain values at some frequencies. Also, as some frequencies have better-measured matching values
over others, the measured gain values are relatively higher at those frequencies.

In the linear antenna array radiation patterns, some asymmetry, and some relatively high sidelobe
levels are observed at +70° this is attributed to the contribution of the surface waves, edge
diffractions, and undesired radiation from the feeding network. Fig. 2.1.26 heat map shows the
substrate surface waves. Also, the discrepancy between the measured and simulated sidelobe levels
in the linear array radiation pattern is attributed to some tolerance in the uniformity of the thin
etched substrate, as seen in Fig. 2.1.21, some areas in the substrate have a bright gray color
compared to other regions, and this would introduce some measurement errors for the predicted
surface waves, and edge diffractions. This explains why the single element radiation pattern
measurement accuracy is better than the array. In such a way, the substrate area is minimized for
the single element. Nonetheless, the tolerance and experimental errors are still within an acceptable
range, which satisfies the high-performance operation of the proposed structure at such high
frequency.

Fig. 2.1.28 compares the calculated efficiencies of the proposed structures within the band of

operation, as can be observed, high efficiency of around 98 % is achieved.
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Figure 2.1.28: Efficiency of each structure.
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2.2 Highly Efficient Unpackaged 60 GHz Planar Antenna
Array

2.2.1  Introduction

In section 2.1, an antenna element that utilizes the microstrip line discontinuity radiation in a
constructive way to create an efficient high gain antenna was designed [39]. The structure only
used a single dielectric substrate that eases the manufacturability and hence reduces the cost. Also,
as the element structure can be perceived as being comprised of four magnetic current elements,
the element can be employed in a linear antenna array with elements of center to center separation
greater than a free space wavelength with suppressed grating lobes [39]. Such feature of the
antenna element can significantly relax the design of the array feeding network. In section 2.1, a
linear antenna array fed by a parallel microstrip feeding network was implemented at 60 GHz.
However, the open microstrip line feeding network suffered from significant radiation losses. In
this section, we investigate the design of a 4x4 high gain antenna array with an efficient feeding
network. Where we show that the element proposed in section 2.1 is highly efficient and can be
used in several planar array configurations such as series and parallel feeding networks and their
combination in a way that even the feeding network does not provide significant losses as one is
expecting at these frequencies.

At millimeter-wave frequencies, having a packaged guiding structure is highly desirable to
eliminate any possible radiation losses that reduce the antenna efficiency and affect the radiation
characteristic of the antenna. Hence, it maintains the radiation characteristics of the antenna only.
Packaging, or shielding, in other words, is usually done by surrounding the feeding structure by a
metal surface. For a planar feeding network, this can be done by shielding the feeding network
from the top and bottom by metal sheets. Such a method is useful for suppressing the radiation
from the feeding network. However, such method is undesirable due to the excitation of parallel
plate waveguide modes within the shielded package, which eventually constitute a significant
source of losses in the feeding structure. Ridge gap waveguide is an example of a new technology
that treats such a problem and prevents the propagation of parallel plate waveguide modes [42].
Ridge gap waveguide employs electromagnetic bandgap (EBG) periodic structures, such as

Sievenpiper mushroom cells [43], to create the EBG.
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2.2.2  Array Feeding Network Study

Fig. 2.2.1 shows the geometry and parameters of a unit cell of the periodic structure. Fig. 2.2.2
shows its corresponding two-dimensional dispersion diagram covering the irreducible Brillouin
zone of the cell (I' is kx= 0, ky=0; X is kx = n/p, ky= 0; M is kx = n/p, ky = n/p; where kx and ky are
the wavenumbers in the x and y directions, and “p” is the period). The cell is designed to provide
the EBG centered at 60 GHz with a bandwidth of 26 GHz (i.e., from 50 to 76 GHz). In [42], a
printed ridge gap waveguide (PRGW) with facilitated design properties is proposed. In [44], a
similar concept was implemented using a classical ridge gap waveguide and was referred to as an
inverted microstrip line. The PRGW in [42], facilitates the design procedure because the guideline
lies in a separate layer without a need of plated vias (different level from the textured periodic
surface). As such, curved lines can be designed easily once compared to the classical RGW, where

the guideline is located on the same surface of the mushroom patches and must be grounded by

conducting vias. A detailed discussion of the pros of the structure is provided in [42].

Air
0.254-mm

Rogers 5880
0.254-mm
Rogers 3003

0.254-mm

Patch Radius = 0.43 mm
Via Radius = 0.125 mm

Copper Ground Plane

Figure 2.2.1: EBG mushroom cell dimensions.
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Figure 2.2.2: Dispersion diagram of the Sievenpiper mushroom cell.

Fig. 2.2.3 shows a section of the printed ridge gap waveguide Fig. 2.2.4 shows its corresponding
dispersion diagram. A Quasi-TEM mode is excited as expected within the bandgap. A feature of
the ridge gap structure is that the guiding bandwidth is a little less than the cell bandgap [42].

Fig. 2.2.5 shows the complete structure of the PRGW antenna array. The elements are arranged
to provide boresight radiation by differentially feeding each pair; such an arrangement reduces the
cross-polarization level significantly. As shown in Fig. 2.2.5, the left and right side of the array
are combined with the PRGW power combiner. Such a packaged solution prevents radiation from
this part (power combiner/divider) and any interference with the radiating array. It should be stated
that the line widths of the power combiner/divider are different from those of the open microstrip

lines, but with the same characteristic impedances.
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Figure 2.2.3: Printed ridge-gap air microstrip line.
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Figure 2.2.4: Printed ridge-gap air microstrip line dispersion diagram.

35



Rogers 5880 Mushroom cells in Rogers 3003
backed by copper
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Figure 2.2.5: Antenna array fed by PRGW power divider.
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The second feeding network is the same as the above, but its power combiner is made entirely
from the same conventional microstrip line feeding the array. Therefore, all the feeding network
is an unpackaged open microstrip line network. As the radiating elements section is identical in
the two cases, and by guaranteeing that the two structures have equally appropriate matching levels
at the main feeding point, the difference in the efficiencies of the two structures indicates the losses
level of the feeding network. Since the same type of material is used in both designs, it can be
inferred that conduction and dielectric losses are the same. On the other hand, it is well known that
packaged PRGW feeding eliminates both surface-waves and radiation losses. However, in open
microstrip line technology, such losses can’t be avoided. Therefore, studying the PRGW solution
is essential to have a reference point regarding the losses attributed to radiation and surface-waves
from the feeding network of an open structure. Similar to the PRGW structure, the packaged
structure is shown in Fig. 2.2.6. In this case, the feeding network is covered with a mushroom cell
layer acting as an AMC (Artificial Magnetic Conductor). The cell size is redesigned with the
dimensions shown to operate within the required band. The signal propagates in the air in the
PRGW, but it propagates in the dielectric substrate in the packaged solution. Therefore, a higher
level of losses is expected in the packaged case due to the dielectric losses. Another difference in
the packaged solution is that the signal propagates in the same substrate. Hence, the change in the
width of the line is very negligible once compared with the conventional open MSL case. Table

2.2.1 shows the line widths at 60 GHz for the proposed cases.

Rogers 5880 Mushroom cells in Rogers 3003

0.254-mm Rogers 5880

0.254-mm Alr

0.254-mm Rogers 3003

Patch Radius = 0.5 mm
Via Radius = 0.125 mm

Figure 2.2.6: Antenna array fed by packaged microstrip line power divider.

Copper Ground Plane
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Table 2.2.1: Line width for different characteristic impedances

Zo MSL PRGW Packaged
35Q 1.3 mm 1.7 mm 1.3 mm
42 Q 1 mm 1.4 mm 1 mm
50 Q 0.78 mm 1.05 mm 0.78 mm

As shown in the array structure, two elements are fed in parallel, and the other combined two
elements are fed in series. The length of the series feed is 1.5A,. This length maintains a 180° phase
shift between the feed points. The 180° phase shift at the feed is required to counter the effect of
physically flipping the element 180°. Also, the 1.5)¢ feed maintains one free-space wavelength
between the elements. It is clear that the radiating element possesses a high directive nature that
allows relaxing the distance between the radiating elements and thus relaxing the feeding network
design as well as suppress the grating lobe level. It is worth mentioning that series fed always
poses bandwidth restriction in terms of the radiation pattern stability, as the phase shift between
elements vary with frequency and hence steer the main beam [26], [37], [38]. However, within a
narrowband such effect can be ignored, which is in line with the proposed case.

Fig. 2.2.7 shows the matching bandwidth, and the corresponding realized gain for the three cases,
a boresight gain of 20.5 dBi is achieved for the PRGW solution, and the corresponding 10 dB
return loss matching bandwidth is almost 3.66% (i.e., 2.2 GHz). The narrow bandwidth is
attributed to the high-quality factor and correspondingly narrow bandwidth of the radiating
element [39]. The conventional unpackaged microstrip line power divider feeding network is lower
in terms of its realized gain level once compared with the PRGW solution; this is expected and
attributed to the radiation and surface-wave losses from the open MSL power divider. The
packaged solution realized gain level lies in-between the open and the PRGW cases. The packaged
solution suffers from additional dielectric losses due to the propagation in the dielectric medium
and not air as in the PRGW case. It can be noticed that above 60 GHz, the PRGW has a lower level
of matching, which deteriorates the realized gain level. Therefore, the comparison is reasonably

drawn only at the center frequency (60 GHz) where all the cases have sufficient matching level.
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Figure 2.2.7: Realized gain and reflection coefficient for the proposed cases.

PRGW as many packaged solutions necessitates the use of plated vias, those plated vias require
a special process to be realized and consume considerable fabrication time. Therefore, the low cost
and simplicity features of the open structure solution are obviously spotted once compared with
PRGW or other packaged solutions (where it only needs a single substrate layer with no vias). This
feature makes it even more desirable for integration purposes. This consequently raises the
question, can open microstrip line technology be used with minimal compromise on efficiency and
performance? Here, the power divider is eliminated by aggregating all the elements of the
configuration shown in Fig. 2.2.8. The typical procedure to design a feeding network for a 2D-
array is by using power dividers and quarter wavelength transformers to match the parallel
combination of the antenna elements to the desired system impedance. This procedure usually
results in transmission lines with different characteristic impedances. Due to the limited space
between the antenna array elements, the wide microstrip lines cannot be accommodated, especially
in the aggregated configuration shown in Fig. 2.2.8. As an example, in Fig. 2.2.8 the width of the
line that can fit between two radiating elements is constrained by the separation distance between

them, such distance is fixed by the array design to reduce the grating lobes. Moreover, wide
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microstrip lines can have significant radiation effects. Therefore, the feeding network design
procedure proposed in Fig. 2.2.8 can provide the required matching impedance by using any
arbitrary characteristic impedance. As the procedure is illustrated in Fig. 2.2.8, and by the use of
simple transmission line theory, the input impedance at point “A” will always be equal to Z. as
long all the lines (i.e., /1, [2, and /3) are multiple of an odd integer of the guided quarter wavelength.

From Fig. 2.2.8, it can be seen that flipping the radiating elements along the y-axis does not
require 180-degree phase shift feed to maintain boresight radiation; this is due to the fact that the
currents can still run through the open stubs in the same direction as shown in Fig. 2.2.8. Also, the
extended distance feature provided by the elements in the E-plane (i.e., along the x-axis) [39],

eases off the layout of the feeding lines between the radiating elements.
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Figure 2.2.8: Antenna array with aggregated open microstrip line feeding network, (the distance
from the center of the array to the end-launch connector is the same for all cases. The feed line is
only cropped in this figure).
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Fig. 2.2.9 shows the electric field heat map, a strong interaction between the feed lines and the
antenna array elements due to their proximity is observed. Such strong interaction implies that the
proper feeding structure of the array should be designed and tuned simultaneously with the

presence of the antennas.
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Figure 2.2.9: Electric field heat map for the aggregated open microstrip line
feeding network of the antenna array at 60 GHz.

The aggregated proposed design in Fig. 2.2.8 is modular, where the dotted configuration can be
reused, and the array can be expanded and doubled easily. Very narrow lines can fit between the
radiating elements easily as the matching procedure is independent of the characteristic impedance
of the lines. Moreover, the proposed aggregated configuration can reduce the area of the whole
array by almost half, where the area needed to accommodate the power dividers has been
eliminated by embedding it between the elements. Hence, providing a more compact design. Fig.
2.2.10 shows the matching bandwidth of the array and the corresponding realized gain. As can be
noticed, a 0.25 dBi gain enhancement is achieved over the open microstrip line power divider case.
Such an enhancement would be more significant with a larger array. The use of narrow lines

reduces the bandwidth from 3.66% to 3.2%.
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Figure 2.2.10: Realized gain and reflection coefficient of the open and aggregated feeding
network of the antenna arrays.

Fig. 2.2.11 shows the electric field heat map in the E-plane for the proposed structures, as can
be observed, the packaged cases have neat and stable radiation in the boresight direction. The open
MSL case suffers from the undesired power divider radiation; such radiation affects the radiation
characteristics of the antenna array and the total gain and efficiency. The aggregated case resolves
such issue, and have almost the same neat radiation characteristic as in the packaged case.

PRGW Case Packaged Case

Antenna Radiation

Antenna Radiation -

. . Packaged A gmmme—
Main Feeding PRGW Main Feeding

. Power Divider
l MSL Power Divider l MSL l %D

MSL Case Aggregated Case

. . E Field [V/cm]
Antenna Radiation .
Antenna with

Aggregated
Open MSL Power Feeding Network
Divider Radiation ‘ Radiation >

Main Feeding Main Feeding
MSL

LA A A A AR A R A

Figure 2.2.11: Electric field heat map in the E-plane for the proposed array structures.
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2.2.3  Proposed Antenna Array

The study provided in the last section inspired the design of a high gain array that suits
narrowband applications at 60 GHz. Even though the proposed aggregated feeding solution
performance cannot fully match the PRGW solution, it still provides a low cost, efficient, and
compact solution with minimal compromise on performance. Fig. 2.2.12 shows a photo of the
realized expanded version of the proposed array in Fig. 2.2.8, where the array area has been
doubled. Interestingly, the array looks from the top as a network of microstrip lines, and at the
same time, they are acting in total as a radiating antenna. Fig. 2.2.13 shows the realized gain and
the total reflection coefficient of the array. A realized gain of 22.5 dBi is achieved. The 10 dB
return loss matching bandwidth is 1.9 GHz (i.e., 3.2 % of relative bandwidth). A 1.7 % shift in the
measured resonance frequency over the simulated resonance frequency is observed. This is
attributed to the tolerance effects in the fabrication process, the copper roughness, and the fragile
substrate small thickness. The sensitivity of the structure to such tolerance errors is noticeable at
such high frequencies. To highlight that, when a different value of the dielectric constant of the
substrate is varied by just 3.6% to be of the value of 2.28 instead of 2.2, the frequency shift
disappears as shown in Fig. 2.2.14.

Figure 2.2.12: Proposed antenna array structure with aggregated microstrip feeding network.
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Figure 2.2.13: Realized gain and reflection coefficient of the proposed antenna array.
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Figure 2.2.14: Realized gain and reflection coefficient of the proposed antenna array (simulated
values include substrate permittivity tolerance value).
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Fig. 3.15 shows the radiation pattern in the E- and H-plane. Low side-lobe and cross-polarization

levels are obtained. The third side-lobe is a suppressed grating lobe.
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Figure 2.2.15: Radiation patterns of the proposed antenna array with aggregated microstrip
feeding network, E-plane {top}, and H-plane {bottom} at 60 GHz.
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Fig. 2.2.16 shows the calculated efficiency of the structure, excellent efficiency of 93% is

achieved within the matching bandwidth.
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Figure 2.2.16: Radiation efficiency of the proposed antenna array.

Table 2.2.2 compares the proposed antenna array with others in the literature. As can be seen,
the gain of the proposed antenna array is higher than any 4x4 antenna array, and this is the main
merit of the proposed antenna in this work. As by the feed of only 4x4 elements, the gain of the
antenna can be improved dramatically (since each element can be viewed as a sub-array of four
magnetic current elements) and can compete with a higher number of elements arrays. This can be
easily deduced by the fact that doubling the antenna array size would result in an ideally 3-dB
increase in the gain. The bandwidth of the proposed antenna is limited to 3.2 %, which is suitable
for many millimeter wave applications. The physical dimension of the array is 28.95mm x

19.3mm, which is equivalent to 5.79% x 3.86A0; the calculated aperture efficiency is 76.3 %.
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Table 2.2.2: Comparison with other works

Elements BW Gain
Ref. Freq. Array Type Number (%) (dBi)
[9] 60 GHz SIW Fed Slot Array 4x8 2 20.6
[39] 60 GHz PCB Fringing Fields Ant. 1x4 11.6 16
[28] 60 GHz PCB Monopoles 1x2 11.6 14
[12] 60 GHz SIW Slot Antenna Array 12x12 4.17 22
[21] 60 GHz Patch Antenna Array 4x4 11.6 18
[45] 60 GHz SIW Slot Antenna Array 4x2 11.6 12
[46] 60 GHz SIW Slot Antenna Array 8x8 17.1 22.1
[47] 60 GHz Patch Antenna Array 4x4 9.5 18.2
[48] 60 GHz Patch Antenna Array 4x4 28 16
[49] 60 GHz SIW Slot antenna array 4x4 20.8 18.3
[50] 60 GHz Microstrip Antenna Array 4x4 25.5 15.2
[51] 30 GHz SIW Slot Antenna Array 4x4 8.5 19.1
[52] 45 GHz Microstrip Antenna Array 4x4 24.4 18.8
[53] 30 GHz SIW slot Antenna Array 4x4 4.6 16
[54] 60 GHz Patch Antenna Array 4x4 18.3 17.5
[55] 60 GHz Aperture Coupled Microstrip Ant. Array 6x8 1.8 21.6
[56] 24 GHz Microstrip Antenna Array 8x8 4.1 18
Present 60 GHz  Aggregated Fringing Fields Antenna Array 4x4 32 22.5
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2.3 Low-Cost High Gain 60 GHz Superstrate Antenna Array

2.3.1 Introduction

Arrays are used to achieve high directive radiation characteristics. Increasing the gain by a 3-dB
requires doubling of the array size by increasing the number of elements. Increasing the number
of elements increases the feeding network lines length increase, which causes higher losses [26],
[27]. In addition, the matching bandwidth decreases due to more accumulation of the reflection
from the discontinuities introduced. On the other hand, to improve the matching bandwidth, it is
common to use a matching circuit (such as Chebyshev and Binomial multisession transformers)
[29]. Such matching circuit design would require extra area, and sometimes it becomes challenging
to accommodate it within the feeding network environment as well as the higher insertion losses.
A different type of antennas called Cavity Resonance Antennas (CRA) is proposed as a solution
to the aforementioned issues. The name stems from the fact that the antenna is usually bounded
between two substrates (the substrate holding the antenna and the superstrate), similar to the
Fabry—Pérot resonator structure, it can also be referred to as Fabry—Pérot resonator antennas. The
existence of superstrate in the vicinity of the antenna changes the antenna radiation resistance and
reactive impedance, and hence the superstrate can be considered as a design element that can be
controlled to control the antenna impedance characteristic, for example lowering the quality factor
and increasing the matching bandwidth. Also, the successive in-phase bounces of the trapped
waves between the substrate and the superstrate with a valuable addition in the boresight direction
increase the directivity [57], [58]. This suggests that the use of CRA can eliminate the need for an
array to increase the gain. On the other hand, due to the necessity of having a superstrate at a
minimum half of free space wavelength distance from the antenna, the structure is considered
obtrusive and less low-profile. However, as we scale up in frequency, the wavelength becomes
physically small, and hence the spacing between the substrate and the superstrate becomes very
small in such a way that the antenna would still be considered as a low-profile antenna (for example

at 60 GHz, the free space wavelength is 5-mm).

In section 2.1, an antenna element that utilizes the microstrip line discontinuity radiation in a

constructive way to create an efficient high gain antenna was proposed [39]. The structure only
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used a single dielectric substrate that eases the manufacturability and hence reduces the cost. Also,
as the element structure can be perceived as being comprised of four magnetic current elements,
the element can be employed in a linear antenna array with the center to center separation between
the elements greater than a free space wavelength with suppressed grating lobes [39]. Such feature
of the antenna element can significantly relax the design of the array feeding network. The antenna
element had a relative matching bandwidth of 3.66% at 60 GHz. In this section, the antenna
element is employed in a 2x2 array configuration which is supported by a dielectric superstrate.
The employment of the superstrate in the structure enhances the relative bandwidth significantly
to become 10.7% and has a positive effect on reducing the side-lobe level. The single element gain
is 11-dBi, being employed in a 2x2 array structure, the gain reaches up to 16.5 dBi, and with the

addition of the superstrate, the gain goes up to 19.4 dBi.

2.3.2  Proposed antenna structure

Fig. 2.3.1 shows the proposed superstrate antenna array structure. The array configuration is a
2x2 planar structure, and the array element depends on utilizing microstrip line discontinuity
radiation as its primary radiation mechanism [39]. Rogers’s 6006 substrates with a dielectric
constant of 6.15 are used as a superstrate. The superstrate dimensions were optimized to maximize
the gain. In [59], it was shown that the finite size of the superstrate could be optimized to maximize
the gain enhancement value. The superstrate is held by two rings of Rogers 6006 substrates to hold
the superstrate at 5-mm distance from the antenna. The superstrate is held by 4 corner arms of the
superstrate itself, in order to keep the optimal size of the superstrate with minimal perturbation.
The distance of the superstrate from the antenna can be an integer multiple of a half free space
wavelength to obtain gain improvement. However, taking the bandwidth into consideration, it was
found that laying the antenna at one wavelength distance (5-mm) from the antenna had an
advantage in increasing the bandwidth from 3.66% to 10.7%. Inserting the dielectric superstrate
in the vicinity of the antenna alters the near field of the antenna and consequently changes the input
impedance of the antenna. Therefore, with different antenna types and different array
configurations, the optimal location and size of the superstrate might differ as well. Fig. 2.3.2

shows the antenna array geometry, and the corresponding dimensions are listed in Table. 2.3.1.
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Rogers 6006
Thickness: 0.254 mm
Dielectric Constant: 6.15

Rogers 6006
Thickness: 2.5 mm
Dielectric Constant: 6.15

Figure 2.3.2: Proposed antenna array with superstrate structure dimensions.
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Table 2.3.1: Proposed antenna array with superstrate structure dimensions

A B C D E F G H I
0.7 1 025 | 435 | 0.5 0.7 | 085 |475] 0.2 2

J K L M N [0) P Q R
3251035 | 1.6 | 025 | 1.2 [1.025[1.12|19.67 | 19.95

S T U \4 W X Y Z
11.4]15.66 | 12.67 | 13.26 | 17.71 | 1.52 | 7.25 | 4.95

As can be seen from Fig. 2.3.2, the center to center distance between the antenna elements in the
E-plane is 7.25-mm (1.45A0), and 4.95-mm (0.99%0) in the H-plane. Even though the separation
between the elements is greater than a half free space wavelength, the grating lobes are suppressed
as in [39]. Fig. 2.3.3 shows the radiation patterns for the array structure with and without a
superstrate, as can be noticed a significant reduction in the side lobe level is obtained with the
addition of the superstrate. Fig. 2.3.4 shows the 3D radiation pattern of the proposed superstrate

antenna array structure.
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Figure 2.3.3: Radiation pattern comparison between the antenna array with and without
superstrate, left (H-plane), and right (E-plane).
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Figure 2.3.4: 3D Radiation pattern of the proposed superstrate antenna array.

Fig. 2.3.5 shows the S11 and the realized gain of the proposed superstrate antenna array structure;
the gain of the structure goes up to 19.4 dBi with a maximum variation of 1.7 dB over the matching
bandwidth. The matching bandwidth is 10.7% centered at 60 GHz. The structure without a
superstrate is 2.9 dB less in gain with a maximum gain of 16.5 dBi, and a matching bandwidth of
3.66 %. Due to the interaction between the antenna and the superstrate, the matching of the antenna
is affected as can be noticed in Fig. 2.3.5. Fig. 2.3.6 shows the radiation patterns in the principal
planes; as can be noticed, a lower side-lobe level is achieved (below -14.8 dB). The total radiation
efficiency is shown in Fig. 2.3.5 with a maximum radiation efficiency of 94%. The calculated

aperture efficiency is 96%, which is an indication of the uniform aperture distribution.
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Figure 2.3.5: S-parameters and gain of the proposed antenna array structure.
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Figure 2.3.6: Radiation pattern in principle planes at different frequencies. Left (E-plane), and
right (H-plane), top to bottom, 58, 60, and 63 GHz.

Fig. 2.3.7 shows the fabricated prototype, as can be seen, the prototype is pretty much low
profile. The superstrate helps to protect the antenna array underneath as well. At 60 GHz, the
physical dimensions are very small, where a slight variation in the height or the flatness of the
superstrate has a noticeable effect on the radiation characteristics. The measured results have some

deviation; however, it would be acceptable for such low-cost prototyping and characterization.
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The merit of the proposed structure is its simplicity and straightforwardness, and a low-cost
antenna can be fabricated in any modest fabrication facility. In addition, the antenna is not bulky as
it is usually thought when considering the use of superstrate antennas. In addition to that, as the
element being used in the array has a high directivity of 11 dBi, the gain is remarkably improved
with a simplified feeding network of the 2x2 array to reach up to 19.4 dBi with excellent stability
over the matching bandwidth (maximum variation of 1.7 dB). Table 2.3.2 shows a comparison for
the proposed superstrate antenna array, as can be noticed the achieved gain performance is superior
to other works, with decent bandwidth. At the same time, the structure simplicity is pretty evident,
where it doesn’t require complicated FSS structures. In addition to that, the back lobe radiation is
minimal, for example comparing with [60] it can be noticed that the patch antenna fed by a slot-
microstrip line at 60 GHz has high back radiation, in contrast, the proposed structure is entirely
backed by copper and doesn’t require complicated packaged feeding structures such as PRGW
(Printed Ridge Gap Waveguide) and SIW (Substrate Integrated Waveguide). This shows the various

possibilities and potential of the fundamental element proposed in section 2.1 [39].

Fig. 2.3.7. Fabricated antenna prototype.

Table 2.3.2: Comparison with other antennas operating at 60 GHz in the literature

Gain BW Area Aperture
Ref. (dBi) (%) Superstrate Type (mm x mm) = mm?> Efgciency
[61] 15.6 12.2 | FSS (Two Layers) 22 x 18 =396 18.24 %
[60] 14.6 6.7 Dielectric Layer 30 x 30 =900 6.38 %
[62] 15.5 6.3 FSS (Metal Cap) 22 x22 =484 14.6 %
[63] 16.5 2.4 FSS (Slot Array) 18 x 18 =324 28 %
Present 194 10.7 Dielectric Layer 20x21.9=438 43 %
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CHAPTER 3

DIPOLE ANTENNA IN-BETWEEN TWO METALLIC
SHEETS “INSPIRED BY THE DIFFRACTED FIELDS”

3.1 Introduction

Fig. 3.1 (a) shows a dipole antenna surrounded by two planar metal sheets. The metal sheets can
be considered as a special case of a wedge with an exterior wedge angle (nm) equal to 2w (i.e., n =
2). Fig. 3.1 (b) illustrates the structure as an electric radiating current element in the middle of two
diffracting edges (TE case). As the dipole radiating fields impinge on the metal sheets edges, the
diffracted fields can be modeled as diffraction sources using the uniform theory of diffraction. The
wedge problem has been studied intensively in the literature and has been analyzed mathematically
by several techniques. Closed form solution can be obtained using eigenfunction series expansions
[36]. Full wave numerical methods, such as the method of moments, are capable of providing an
accurate solution as well [64], [27]. Uniform theory of diffraction (UTD) is a powerful method
that can be used to analyze the wedge problem. UTD is a ray-based method; it treats scattering
problems with intuitive ray model for wave propagation. The ray model is very advantageous as it
provides physical insight and allows for better visualization of the field interactions in scattering
problems. On the other hand, the uniform theory of diffraction requires that the scattering objects
to be electrically large, in the order of a wavelength. Also, as line sources radiate cylindrical waves
that can be described by Hankel functions, UTD replaces the Hankel function with its asymptotic
approximation as given by (3.1). For such approximation, the Hankel function argument should
be much greater than 1, and hence (p >> A/2x), where p is the distance from the line source.
Therefore, the scattering object should be far enough from the line source and to be electrically

large. Therefore, the UTD method is usually referred to as a “high-frequency method” [64].
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be concentrated along the z-axis, as can be visualized from Fig. 3.1(b).
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(3.1)

Figure 3.1: Dipole antenna between two metal sheets, (a) 3D geometry, and (b) cross-section

We only considered the diffracted fields from the edges close to the electric current source. The
metal sheets force the boundary condition of a zero-tangential electric field, and hence the
diffracted fields only appear at the inner edges. From another perspective, those metallic sheets act
as soft surfaces for the TE polarized wave produced by the dipole. Therefore, it is expected that
there will be no propagation in the y-axis direction due to the soft surfaces. Also, it is expected
that there will be no propagation in the x-axis direction as well, due to the well-known radiation

characteristic of the dipole. Consequently, this intuitively implies that most of the radiation will



Due to the symmetry along the x-axis, the problem can be solved as a 2D problem. Also, further

simplification can be obtained by replacing the dipole with a line source. Moreover, the
diffractions at the vertices of the metal sheets are ignored. Despite that, those assumptions and

approximations reduce the accuracy of the solution. However, the solution is still suitable to

provide all the required physical insights needed for the antenna design. Fig. 3.2 (a) shows the

actual problem and (b) shows the reciprocal version of the same problem.
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Figure 3.2: UTD analysis of the dipole antenna between two metal sheets, (a) actual problem,
and (b) reciprocal problem.

It is easier to solve the reciprocal version of the problem. In this case, the line source is assumed

to be in the far field where it produces an incident plane wave on the metallic sheets. The total
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field obtained at the origin (the original location of the line source) will be equal to the radiated
field at the same angle of incidence in the original problem. By repeating the calculation for all the
angels (@), the radiation pattern is obtained. The total field is given by (3.2). The diffracted field
can be calculated by (3.3). The diffraction coefficients Dsoi are calculated using (3.4) [65], [64]

where the subscript ‘s’ refers to the soft case.

E”"=E"™ +E"+E" 3.2)
) ’jkpi
E! =E"(Q)D, (3.3)
7
_e—jzr/4
D = X
' 2n27k sin(f3,)
[cot (wj F(kLa* (¢, — @)
2n
+cot (W] F(kLa (@ — ) (3.4)
n

—{cot (Wj F(kLa" (9, +¢)

(0O+0 )
+c0t(—ﬂ (@ (o’)jF(kLia‘((oi +e N}
2n

For the 2D case, n =2, fo=n/2, and a* () =2 cos? (#/2), and F(X) is the transition function given
in (3.5).

F(X)=j2dXe™ [ e ar (3.5)

Jx

The structure in Fig. 3.1 can be perceived as three radiating elements (i.e., the dipole and the two

diffraction sources). In this case, if the radiation of the three sources adds up constructively in the

boresight direction, a high gain can be achieved in the boresight [66]. The problem can be further

simplified for the boresight direction (¢ = 90°). The total electric field in ¢ = 90° direction as a

function of D;s is given in (3.6). The derivation details of (3.6) are provided in appendix A.

58



T

P2AID, jup x
E" = E{l—F[zyz%J—‘e”ws ’“J (3.6)

The second term of (3.6) resembles a Lituus spiral. In this case, the trace of the spiral can be
roughly approximated with concentric circles centered at the spiral center. Fig. 3.3 shows a
graphical representation of (3.6) in the complex plane. Hence, the maximum of (3.6) can be
obtained when the second term phase is an odd integer multiple of m. Hence, the peaks in the gain
as a function of the distance from the dipole can be roughly approximated as given in (3.7). The

derivation details are also provided in Appendix A.

o = —(4'1‘;3_1) A 3.7)

where, no is a non-zero odd integer number (1, =1, 3, 5, ..).

Imaginary Part (E-Field)

.0 02 04 06 08 1 12 14 16 1.8
Real Part (E-Field)

Figure 3.3: Graphical representation of the complex plane from (3.6).
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Figure 3.4: Gain boost (dB) versus Ds/A.

The above analysis indicates that the gain boost due to the diffraction sources adds to the original
dipole gain in the boresight direction, which can be calculated easily. Fig. 3.4 shows the gain boost
in dB versus the distance Ds. The calculated values have been verified by simulated results using
FEKO; the solver settings were adjusted to UTD method. A good match between the calculated
and FEKO simulated results is observed, as shown in Fig. 3.4. The oscillatory behavior in Fig. 3.4
is due to the variation of the phase of the induced diffraction sources. As the metal sheets edge
separation from the dipole increase, the phase of the induced diffraction sources varies in a periodic
fashion. Also, the diffracted sources intensities get weaker as the sheets move further away from
the source. This explains the decaying behavior in Fig. 3.4. The peaks of the gain occur when the
diffraction sources radiation adds up constructively to the dipole radiation, and the dips happen

when they add up destructively.

The peak boost in the gain happens when {Ds=0.3751} an increase of 4.54 dB is obtained. On
the other hand, the gain boost that can be obtained by having three element array is

{10log,,(3)=4.77 dB }. Therefore, it seems that the structure is acting as a three-element array

(i.e., dipole and two diffracted sources).
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To focus the radiation in one direction, a PEC reflector sheet can be used below the radiating
structure as shown in Fig. 3.5. This concept can be further generalized for the dual problem where
the dipole can be replaced by a magnetic current source (such as a slot antenna). Then, the PEC
sheets can be replaced by PMC sheets. As there is no real physical magnetic conductor, periodic
structures or high dielectric constant material can realize an artificial magnetic conductor. In the
electric case, the reflector distance from the antenna should be a quarter wavelength, and for the

magnetic case, it can be placed very close to the antenna [37].

0, j
] - - - - == - = =- e = e s e (o e
PEC Sheet < > < » PEC Sheet
D D,

PEC Reflector Sheet

(a) Electric current problem.

Z[ —Ql --------- 2 Sa@ ------- A
PMC Sheet ¢ D,
y PEC Reflector Sheet

(b) Magnetic current problem.

Figure 3.5: Dual electric and magnetic problems.

3.2 Full wave analysis

Fig. 3.6 shows the full wave analysis of the radiation patterns in the principal planes. In the
simulation, the width of the sheet used is a quarter wavelength, and the distance Ds is 0.375\. The
structure is backed by a PEC reflector, as proposed in Fig. 3.5 with D, = 0.25A. As it can be noticed
in Fig. 3.6, with a single dipole a gain of around 11.5 dBi is obtained, and all the radiation is

focused in the boresight direction.
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We should emphasize that UTD ray optical field analysis is accurate as long as the observation
point is far enough from the transition region and the edge [64], [67]. Therefore, it is noticed in
Fig. 3.4 that the smallest Dy value is 0.2A. Also, as previously stated, the diffraction from the sheet
vertices is ignored, and the dipole antenna is approximated with a line source. With all those
assumptions and approximations, it is expected that UTD solution to be less accurate once
compared with the full wave solution (such as the method of moment solution). Fig. 3.4 shows
some deviation for the method of moment solution over UTD solution as we ignored the slope
diffraction from the second edge (far edge) and the multiple diffractions of the metal plate between
the edges. However, from an antenna designer perspective, the UTD solution is compelling in
providing physical insight into the antenna design. For example, even by knowing that the PEC
acts as a soft surface for the TE polarization of the dipole, it is still not clear what would be the
proper distance of the sheets to achieve maximum boresight gain. Also, UTD intuitive model
provides an excellent interpretation of the physical interaction of the fields in the problem through
the definition of diffraction sources. Such an interpretation is a bit hard to grasp in other numerical
methods. Therefore, with basic UTD analysis, and with the aid of full wave solver, high gain

antennas can be designed and optimized easily.

Gain (dBi)
Gain (dBi)
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(a) H-plane (b) E-plane

Figure 3.6: Radiation patterns in principal planes, (a) H-plane, and (b) E-plane.
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3.3 Linear antenna array

It was shown from the previous analysis that the distance from the dipole to the metal sheet near
the edge is 0.375A, and the sheet width is 0.25A. Therefore, the width of the antenna is 1.25A. The
question that would arise is it possible to employ this antenna in a linear antenna array without
generating grating lobes? The answer is simply, yes. Fig. 3.7 shows the configuration of a two-
element antenna array. As can be noticed, the middle sheet is shared between the two elements on
the right and left sides. In this case, the diffraction sources, and the real sources (i.e., dipoles) are
almost in phase, and all their radiation adds up constructively. Thus, the distance between the
radiating elements is less than a half wavelength, where the radiating elements are not only the
real sources (i.e., the dipoles) but also include the induced diffraction sources at the edges of the
sheet. From another perspective, the two elements are considered overlapping by sharing the

quarter wavelength sheet in between.
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Figure 3.7: Two-element array configuration.
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Figure 3.8: Full-wave simulation.
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Figure 3.9: Radiation pattern in principal planes.

According to the previous discussion, a tremendous advantage is obtained, where the
distance between the elements to be fed can exceed a half wavelength to a one-wavelength.
Eventually, this provides higher flexibility in the design of the feeding networks, especially at
high frequencies. Fig. 3.8 shows the full wave simulation for two dipoles separated by 1A (sheet
width is 0.25A, and Ds is 0.3751). Fig. 3.9 shows the radiation patterns in the principal planes of
the same structure. It is noticed that there are no grating lobes. Another advantage is that by
having the PEC sheets between the fed dipoles (acting as soft surfaces) [68], a very low mutual

coupling is obtained between the array elements.

3.4 Realization at millimeter-wave frequencies

The proposed antenna configuration acts as an excellent candidate to realize high gain antennas
at millimeter-wave frequencies. In this case, a planar monopole fed with microstrip-line is used to
realize a high gain antenna at 60 GHz. Fig. 3.10 shows the proposed antenna structure. Table 3.1
lists the corresponding dimensions of the proposed structure. Rogers RO-3003 substrate with a
dielectric constant of 3 is used. The thickness of the substrate is 0.13 mm. An air spacer of 1.1 mm

separates the antenna from a plane metallic reflector. The structure is low profile, fully planar, and
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requires no vias. The simplicity of the structure makes it less susceptible to manufacturing

tolerances. Also, it makes it very attractive as a low-cost structure.

Rogers 3003 Substrate
Thickness: 0.13mm
Dielectric constant: 3

Metallic Sheets
Microstrip Line Feed

Ground Plane

1.1 mm
Air Spacer

/

Metallic Reflector

(a) 3D view

(b) Top view (c) Bottom view

Figure 3.10: Proposed antenna structure, (a) 3D view, (b) top view, and (c) bottom view.
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Table 3.1: Antenna structure dimensions

Dimension A B C D E | F
Value (mm) [ 1.5]071|155(031| 19| 6

o)

Fig. 3.11 shows the corresponding Si1 and gain values. The antenna is matched over the whole
range of the 60 GHz ISM band (i.e., from 57 to 64 GHz). The boresight gain is 11 dBi with
excellent stability over the matching bandwidth. Fig. 3.12 shows the radiation patterns in the
principal planes. A slight tilt is observed in the beam (i.e., in E-plane) due to the asymmetry of the
nature of the printed planar monopole fed by microstrip line instead of a center fed dipole. Also,
from Fig. 3.11, the tilt effect can be noticed as the difference between the maximum gain and the
boresight gain, which is around 0.5 dB. The radiation pattern is stable over the frequency band
with low cross-polarization levels. This makes the antenna, a very suitable low-cost, low profile,

and high gain solution for short range high data rate wireless applications at 60 GHz.
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Figure 3.11: S11 and gain values for the proposed antenna structure.
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Figure 3.12: Principal planes radiation patterns of the antenna structure at 60 GHz, solid lines
refer to a co-polar component (H-plane: Blue, and E-plane: Red), and dashed lines refer to a
cross-polar component (H-plane: Green, and E-plane: Cyan {very small <-30 dB}).

3.5 Two-element array

The proposed antenna design has been employed for a two-element array. Fig. 3.13 shows the

two-element array structure. Fig. 3.14 shows the corresponding matching and gain values.

As expected, an extra 3 dB of gain is achieved (i.e., a gain of 14 dBi from the two-element array).
The distance between the feeding lines is 5.3 mm, which is 1.06A. Fig. 3.16 shows the radiation
patterns with no grating lobes. This feature makes such a solution very desirable where it provides
excellent flexibility in the design of the feeding networks, which is a significant challenge at
millimeter-wave frequencies. In such a case, the distance between the feed lines is almost one free
space wavelength rather than being half free space wavelength. Also, as the metallic sheets act as
soft surfaces, the mutual coupling between the antenna elements is reduced significantly. Fig. 3.15
shows that the coupling between the adjacent elements is less than -30 dB over the whole

bandwidth.
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Rogers 3003 Substrate
Thickness: 0.13mm
Dielectric constant: 3
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Figure 3.13: Proposed two-element antenna array structure, (a) 3D view, (b) top view,
and (c) bottom view.
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Figure 3.14: S11 and gain values for the proposed two-element antenna array structure.
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Figure 3.15: Mutual coupling between the adjacent elements in the two-element array.
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Figure 3.16: Principal planes for the two-element array at 60 GHz, (solid lines refer to a co-polar
component (H-plane: Blue, and E-plane: Red), and dashed lines refer to a cross-polar component
(H-plane: Green, and E-plane: Orange)).

3.6 Experimental prototyping results

The proposed structures are fabricated and tested in an anechoic chamber. Fig. 3.17 shows the
photos of the single element. To realize the reflector, a ring is made of a Rogers-5880LZ substrate,
as demonstrated in Fig. 3.17 to provide the spacer needed. The choice of Rogers 5880LZ is
attributed to its low permittivity (e&r = 2), the permittivity of the ring is desired to be as low as
possible to prevent the excitation of any possible modes in the cavity like region below the antenna
(i.e., ring material is desired to be as close to free space as possible). Other ways to realize the
spacer is using a dielectric substrate. However, the use of dielectric substrate causes some
additional losses in the form of surface waves in the substrate, and hence reduces the gain.
Although an AMC reflector can be located in close proximity to the antenna and maintains lower
quality factor (i.e., wider bandwidth), the PEC reflector is used that requires a quarter wavelength
distance from the antenna that increases the quality factor (i.e., lower bandwidth) as explained
thoroughly in [69]. This is justified by the fact that the dimensions of the AMC structure unit cell
should be much smaller than the operating wavelength [33], and as the free space quarter
wavelength at 60 GHz is 1.25 mm, the design of such unit cell will require much higher precision

to fabricate, and will be more susceptible to fabrication tolerances. Also, the PEC reflector has
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better performance in terms of gain, once compared with AMC reflectors [69]. From an application
perspective, the gain should not be compromised. Moreover, the monopole/PEC-reflector structure

matching bandwidth is still wide enough to cover the 60 GHz ISM band.

Metallic Reflector

Ring Spacer

0.5mm

Rogers 3003 Substrate

Figure 3.17: Proposed single element antenna spacer and actual prototype model.
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Figure 3.18: Single element realized gain and reflection coefficient.

Fig. 3.18 shows the measured and simulated results of both the realized gain and reflection
coefficient. A good agreement between measured and simulated results is observed. Fig. 3.19
shows the simulated and measured normalized radiation patterns in the principal planes. An
acceptable agreement is observed as well. It is worth noting that a large number of points was set
in the VNA measurement, no smoothing filter was applied in the VNA settings, which caused high

ripples in the measured Si1.
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Figure 3.19: Single element radiation patterns in principal planes (solid lines refers to simulated
data, and dashed lines refers to measured data) “E-plane (left) and H-plane (right).”

Fig. 3.20 shows the two-element array structure prototype. Fig. 3.21 shows the measured and
simulated results of both the realized gain and reflection coefficient. A good agreement between
measured and simulated values is observed. Fig. 3.22 shows the simulated and measured

normalized radiation patterns in the principal planes. An acceptable agreement is observed.
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Figure 3.20: Two-element antenna array prototype model.

It was noticed that the reflector ring is a key source of tolerance errors. The substrate thickness
is 0.13 mm, which leaves around 1.12 mm distance from the antenna to the PEC reflector, such
physical dimension of the ring is a point to consider in terms of the mechanical stability, especially,
when attached to a very thin and fragile 0.13 mm substrate. The size of the connector is
considerably large, and its existence near the antenna environment can be thought of as a large
scatterer. To reduce its effect, the feeding line is extended to have the antenna as far as possible
from the connector body. The expense of increasing the feed line length is a higher level of

dielectric losses as expected.

Fig. 3.24 shows the induced surface currents from the antenna on the connector body. Also, as
the feed line width is very small (0.3 mm), the connector pin alignment of the connector at the
center of the line is very critical, in order to have proper excitation of the antenna. Therefore, it is
suggested that characterizing the antenna using a probing station can facilitate a more seamless
and accurate characterization of such an antenna. It is worth noting that the connector with long
feeding line exists only for measurement and characterization purposes. However, in the practical
integrated system, the antenna is incorporated directly next to the circuitry stages, which could
usually be a bandpass filter or an amplifier. Thus, such deterioration can be mitigated. In the
measured radiation patterns, we can see the ripples in the main beam. These ripples are due to the
interaction of the antenna with the mounting structure. As seen in Fig. 3.23, the strong current on

the connector makes it interact with the surrounding that is not considered in the simulation.
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Figure 3.21: Two-element array realized gain and reflection coefficient.

Figure 3.22: Two-element array radiation patterns in principal planes (solid lines refers to
simulated data, and dashed lines refers to measured data) “E-plane (left) and H-plane (right).”
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Figure 3.23: Surface current density heat map and 3D radiation pattern of the two-element
antenna array.

Fig. 3.24 shows the calculated efficiency of both the single element and array, as expected, the

array structure is less efficient due to the higher losses in the feeding structure.
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Figure 3.24: Calculated efficiency of the single element and two element array structures.
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CHAPTER 4

MAGNETIC SOURCE ANTENNA

4.1 Gain Boost of a Slot Antenna

4.1.1 Introduction

A magneto-electric (ME) dipole antenna is a well-known antenna [34], [70], [71], which
provides wideband, low cross-polarization, and symmetric radiation patterns. Such radiation
characteristics are essential requirements for most reflector antennas feeds. A ME dipole is usually
designed by superimposing electric and magnetic current elements orthogonally on each other. In
this chapter, a new design perspective is proposed. The proposed design procedure can transform
the radiation characteristics of an electric or magnetic current element to ME dipole characteristics.
The proposed procedure doesn’t require the orthogonal combination of the magnetic and electric
current elements [34]. Hence, the procedure possesses a significant advantage, where it avoids the
need for a quarter free-space wavelength spacing between the current element and the metallic
ground plane as in [40]. In addition, the proposed design increases the antenna gain dramatically,
where the proposed structure has a boresight gain of 11.5 dBi, and a relative bandwidth of 13%
centered at 60 GHz. The antenna element has been employed in a planar antenna array to achieve

a gain of 22 dBi.
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4.1.2  Theoretical Qualitative Analysis of the Proposed
Structure

Fig. 4.1.1 shows a simplified sketch, conveying a theoretical abstraction of the proposed
structure. Such a sketch is very descriptive and essential in grasping the radiation mechanism of
the proposed structure. Part (a) shows the electric current case, part (b) shows the dual magnetic
case, and part (c) shows a modified version of the magnetic case with the use of a dielectric material
instead of a Perfect Magnetic Conductor (PMC). Fig. 4.1.1-(a) shows an electric current element
inserted in the middle of a Perfect Electric Conductor (PEC) rectangular ring, as the electric current
element radiates, the radiated wavefront in the vicinity can be approximated by a doughnut shape
as denoted by the dotted line in Fig. 4.1.1-(a). As the wave propagates from the current element
towards the PEC ring edges, it gets diffracted from the PEC ring inducing a surface current on the
ring. In Chapter 3 it was shown that the gain of a dipole could be increased by inserting the dipole
between two metallic sheets [28], where the fields diffracted from the edges of the sheets can be
utilized to radiate constructively with the dipole radiation, and hence increase the gain of the
structure. Further details about the optimal distance of the sheets from the dipole to maximize the
gain can be found in Chapter 3 as well. Adding the two sheets parallel to the central dipole allows
the control of the radiation pattern in the H-plane. This can be accomplished by controlling the
distance of the sheets from the dipole, which consequently determines the phase and the intensity
of the diffracted fields. In this structure, however, the current element is enclosed by a rectangular
ring rather than being inserted between two sheets. The addition of the two horizontal sheets
parallel to the x-axis, will also cause the propagated waves diagonally to be diffracted, and this
adds a new degree of freedom in the design, which would allow the control of the shape of the E-
plane radiation pattern, and hence obtain a symmetric radiation pattern. The analysis can be
simplified by assuming the incidence and reflection of plane waves. The analysis ignores several
physical aspects, such as the exact wave-front generated from the dipole and the vertices in the
PEC ring. However, such abstract qualitative analysis allows a better physical understanding of
the radiation characteristics and provides us with a proper initial rough dimension of the structure.
Then, with the aid of a full-wave solver, a practical realization of the structure can be designed and
optimized. The diffracted waves from the PEC surface can be thought of as equivalently induced

secondary sources. Hence, by controlling the vertical and horizontal dimensions of the ring, the
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intensity and phases of these secondary sources can be controlled, in such a way to boost the gain,
and maintain the symmetry of the radiation patterns (in other words, to transform the dipole pattern
into a ME dipole radiation characteristic with an extra boost to the gain). It is worth noting that,
the outside of the principal planes diffracted waves, can be decomposed into two components in
the x- and y-direction. Due to the symmetry, the x-components effect cancels out in the boresight,
and this consequently reflects positively on maintaining low cross-polarization. The dual case is
shown in Fig. 4.1.1-(b), by using the duality principle, the electric current source is replaced by a
magnetic current source (which can be realized by a slot). Also, the PEC ring is replaced by a PMC

ring.

Electric dipoles require a differential feed; such feed can be realized by using a balun circuit.
The balun usually increases the complexity of the structure. Also, the balun circuit, along with its
geometrical discontinuities contributes to additional losses. On the other hand, the magnetic
current radiator case can be realized by a slot, which doesn’t require differential feeding. The slot
could be backed by a cavity within the EBG structure. Also, in the case of a dipole, a quarter
wavelength is a need for a PEC reflector to obtain boresight radiation. Therefore, the realization
of the magnetic current source seems to be favorable. On the other hand, the magnetic current
source requires the realization of the PMC ring, which does not exist in nature. However, periodic
structures can be designed to emulate its characteristics over a specific band of operation (those
periodic structures are usually referred to as artificial magnetic conductors “AMC”) [72]. The
fabrication process of such structures, especially at mm-wave frequencies, requires accurate
fabrication due to its small physical dimensions of the periodic structure, which might sometimes
be infeasible to fabricate. Moreover, such small dimensions are more prone to tolerance errors.
Therefore, a modified version is suggested in Fig. 4.1.1-(c). This version uses a dielectric material
rather than the PMC ring. By proper design of the width of the ring to be a quarter guided
wavelength, maximum reflection, and minimum transmission from the dielectric ring can be
obtained. This can be deduced merely by a simple multi-layer medium analysis; detailed derivation
is provided in the Appendix B. Hence, the secondary induced sources would be trapped in the form
of a standing wave in the dielectric medium. Eventually, this concludes that the modified magnetic

current case is reasonable and straightforward option to be realized.
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Figure 4.1.1: Abstract sketch of the proposed structure.

80



4.1.3  Antenna Feeding Considerations at Millimeter Wave
Frequencies

Open feeding structures, such as microstrip lines, usually suffer from radiation losses due to the
nature of their open structure. Radiation from the feed becomes more noticeable and more severe
at mm-wave frequencies [1], [2], [35]. Moreover, the undesired radiation from the feeding
structure affects the total radiation pattern of the whole structure adversely. Therefore, packaged
feeding structures are highly recommended at such frequencies. Substrate Integrated Waveguide
(SIW), and Printed Ridge Gap Waveguide (PRGW) technologies are good examples of packaged
feeding solutions that can be incorporated in a low-cost printed circuit board environment. In the
present work, we focus on the use of PRGW technology, which packages microstrip lines using a
bandgap periodic structures, such as Sievenpiper mushroom cells, where no propagating modes
can exist within the bandgap of the periodic structure. The cell dispersion diagram and the PRGW

dispersion analysis are the same as in section 2.2.2.

4.1.4  Realization at Millimeter Wave Frequencies (60 GHz)

Fig. 4.1.2 shows the proposed structure, the structure is made of a slot antenna surrounded by a
dielectric ring, the ring is made of a Rogers substrate with a thickness of 0.635 mm, and a dielectric
constant of 10.2. The slot antenna is fed using a PRGW. Such feeding reduces the back radiation
(back lobe radiation is inevitable in open microstrip line feeding). Also, it provides an efficient
mechanism for feeding the structure. The complete set of dimensions of the proposed structure is
shown in Table 4.1.1. The structure is simulated and optimized using finite element full wave

simulator (ANSYS HFSS).
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Substrate 4
Rogers 6010
0.635 mm

Copper

Substrate 3
Rogers 5880
0.254 mm

Substrate 2
Rogers 5880
0.254 mm

Substrate 1
Rogers 3003

Maetallic 0.254 mm

Mushroom Cells

Copper
Figure 4.1.2: Proposed antenna structure.
Table 4.1.1: Structure dimensions in (mm)
A B C D E F H | J K L G, M
2.5 1 6 85 | 335 | 585 04 3.2 0.7 1 1 0.45

Fig. 4.1.3 shows the magnetic field heat map and the magnetic vector field distribution for the
proposed structure. As can be noticed the slot antenna, acting as the main radiating element, which
is equivalent to a magnetic current element. The trapped magnetic fields within the dielectric ring

can be visualized as the induced secondary magnetic current element sources. The total radiation
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of the structure is the superposition of the radiation of all these elements. By controlling the
dimensions of the rectangular dielectric ring, the magnitudes and phases of these secondary
sources can be controlled. The dimensions of the dielectric rectangular ring are set to maximize
the gain in the boresight direction, and to maintain a symmetric radiation pattern in both the E-
and H-plane, in other words, to have a magneto-electric dipole radiation characteristic. The
thickness of the dielectric material was set to 1.25 mm, which is approximately equal to three-
quarters of a guided wavelength. As can be seen from the heat map, such dimension maximizes
the reflectivity from the dielectric ring and traps the wave in the form of a standing wave in the
rectangular dielectric ring. Fig. 4.1.4 shows the three-dimensional radiation pattern of the proposed
structure. Fig. 4.1.5 shows the radiation patterns in the principal planes. As can be noticed, a good
symmetry for both the E- and H-plane is obtained with high gain of 11.5 dBi. Also, the lower level
of cross-polarization is achieved. The antenna achieved a 13%, and gain averaged around 11.5 dB1

with excellent stability.
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Magnetic Current
Sources

T Induced Secondary

Figure 4.1.3: Magnetic field heat map and the magnetic vector field distribution for the proposed
structure at 60 GHz.
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dB(RealizedGainTotal)

Figure 4.1.5: E-plane (solid red) and H-plane (solid blue), and cross-polar (dashed lines)
(Frequencies are: 57 GHz, 60 GHz and 64 GHz from top to bottom).
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4.1.5  Practical Characterization and Prototyping
Considerations

To characterize the antenna, the antenna must be fed through a coaxial cable connector. Such a
connector is very bulky and has a larger relative size compared to the antenna size. Introducing
the connector causes asymmetry that affects the symmetry of the radiation pattern in the E-plane.
Also, the slot antenna produces a TM surface wave along the transverse direction to the slot. Those
TM surface waves couple strongly and propagate along the metallic surface and reflects from the
connector body, where the metallic surface acts as a hard surface in this case. To prevent the
backward propagation of the TM surface waves and minimize the interaction with the connector
body, an EBG surface is inserted on top of the metallic ground plane of the microstrip line. Fig.
4.1.6 shows the two cases (with and without the EBG surface). Fig. 4.1.7 shows the designed EBG
cell used on this surface. Its dispersion diagram is removed for brevity that indicated that the EBG
band is between 50 to 78 GHz. Fig. 4.1.8 shows the electric field heat map, as can be noticed the
case with EBG eliminates the TM surface waves from propagating in the backward direction
towards the connector, and hence, minimizes the interaction with the connector body. Fig. 4.1.9
shows the radiation patterns in the principal planes and indicating a more symmetric radiation

pattern in the E-plane when the interaction with the connector is reduced.
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Figure 4.1.6: Proposed antenna structure with the connector body, (a) without using EBG
surface, and (b) with the use of EBG surface.
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Rogers 3003
0.254 mm

Patch Radius = 0.47mm

Figure 4.1.7: EBG surface unit cell.
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Figure 4.1.9: Co-polar (solid line) and cross-polar (dashed line) radiation pattern at 60 GHz. E-
plane (red) and H-plane (blue). Left side without EBG, and right side with EBG.
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4.1.6  Array Design

In the previous section, the fundamental aspects of transforming the characteristics of any linear
current or magnetic element have been laid out. One realization has been demonstrated by a slot
antenna fed by a PRGW feed. Such a realization is not unique. However, it is still advantageous at
high millimeter wave frequencies, where the packaged PRGW prevents any spurious radiation
from the feeding structure and minimizes the back-lobe radiation as in open microstrip line
technologies. In this section, the same previous radiating element is redesigned with Rogers 5880
inserted instead of the air gap. As expected, the dielectric material introduces a higher level of
losses, which is more noticeable in the whole structure efficiency at higher frequencies. Also, for
long lines, it becomes more significant. The choice of Rogers 5880 is due to its low loss tangent

of 0.0009.

The redesign of the previous element with a substrate material instead of the air gap is a
precautious step. As for such critical thin dimensions the air gap might suffer from some
deformation in its surface uniformity due to some bends in the metal cover sheet which has a
thickness of 10 mills. This might be of more concern, even when designing an array with a larger
cover sheet. Fig. 4.1.10 shows the cell with the addition of Rogers 5880 instead of the air gap. The
dispersion diagram is removed for brevity indicating an EBG between 52 to 74 GHz. Fig. 4.1.11
shows the newly designed antenna and the corresponding dimensions in Table 4.1.2. Fig. 4.1.12
shows an isometric view of the structure, considering the connector effects as detailed out in
previous sections. Fig. 4.1.13 shows the radiation patterns for the redesigned antenna. The
matching bandwidth and realized gain are shown in Fig. 4.1.14. In Fig. 4.1.14 a comparison
between the realized gain and the reflection coefficients of the two cases indicates that the
dielectric introduces some losses that affect the gain level. It can be noticed that the level of losses
of an additional ~ 1 dB due to the dielectric substrate and the long feed line, including the connector

loss effect. Also, the matching bandwidth with dielectric is shifted to the required bandwidth.
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Rogers 5880
0.254 mm

Rogers 3003
0.254 mm

Patch Radius: 0.41 mm

Via Radius: 0.125 mm Copper Ground

Figure 4.1.10: Unit cell with a dielectric slab instead of the air gap.

Figure 4.1.11: Proposed antenna structure with a dielectric slab instead of the air gap.

Table 4.1.2: Structure dimensions in (mm)

A B C D El

2 1.5 6 33 | 1.25

F H J K G
0.44 2 1.3 | 0.7 0.2
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Rogers 6010
0.635 mm

Rogers 3003
0.254 mm S~y

-180

Figure 4.1.13: Co-polar (solid line) and cross-polar (dashed line) radiation patterns at 60 GHz. E-
plane (red) and H-plane (blue).
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Figure 4.1.14: Realized gain and reflection coefficient of the proposed structure with and without
dielectric.

As the element dimension is larger than a wavelength, the use of such element in an array without
generating grating lobes is questionable. However, the dielectric ring secondary elements will be
shared between adjacent elements, as shown in Fig. 4.1.15, as such, the distance between all the
radiating sub-elements of the array, would still be less than half of a wavelength and would prevent
the generation of grating lobes. This concept has been detailed out in Chapters 2, and 3 [3], [4].
Another perspective would be noticing the high directivity of the element which suppresses the
grating lobes in the array factor. Fig. 4.1.16 shows the feeding network of the structure and its

corresponding dimensions in Tables 4.1.3 and 4.1.4.
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Slots Layer
Copper
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Figure 4.1.15: Proposed antenna array structure.
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Figure 4.1.16: Proposed antenna array feeding network, feed lines, and slots locations with
respect to the mushroom cells.
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Table 4.1.3: Antenna array feeding network dimensions in (mm)

At this point it's worth mentioning that as the slot dimension has been enlarged to improve the
matching bandwidth, and as the slot dimension is large compared to the mushroom cell, the
location of the slots and the feed lines with respect to the mushroom cells is very critical in
determining the impedance, and consequently the power level at each slot. The feeding network
and slots locations were tuned carefully to maintain equal power distribution for each slot, and
hence symmetric radiation characteristics in the E and H plane. Also, as the dielectric ring is shared
between several slots, the whole thicknesses of the ring slabs were tuned as well in such a way that
the induced secondary sources in the dielectric ring would still have the appropriate power level

and phase to maintain radiation symmetry and low grating lobes in principal planes. Figs. 4.1.17 -

4.1.18 show the radiation patterns of the proposed antenna array.

dB(RealizedGainTotal)

2z.2
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16.6
13.8
18,9
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5.3

z.5
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-3.1

Figure 4.1.17: 3D radiation pattern for the proposed antenna structure.
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A B C D E F G H 1 J
0.75 2.6 0.3 1.15 2.4 0.2 0.2 0.65 0.2 0.2
K L M N 0] P Q
2.45 0.925 0.53 0.68 1.04 0.63 4.89
Table 4.1.4: Antenna array slots dimensions in (mm)
a b c d e f g h
1.75 1.1 3.9 3.8 1.7 1.05 5.5 4.95
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Similar to the previous section, the connector effect has been taken into consideration. An EBG
structure has been used to reduce the effect of the backward propagating waves towards the
connector body. The introduction of the connector and the longer feed line has some slight effect
in reducing the gain and the side lobe level performance. However, it is still within an acceptable
range. Also, such connector and long feed line have been introduced for the measurement purposes

only, and their existence won’t be applicable in the practical integrated transceiver system.

EBG structure eliminates surface waves

Flat copper surface acts as a hard
surface for the slot polarization

Figure 4.1.19: Proposed antenna structure with the connector body, without using EBG surface
(bottom), and with the use of EBG surface (top).
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Fig. 4.1.19 shows the array structure with and without the EBG surface that reduces the
interaction with the connector at the input of the feeding network. Fig. 4.1.20 shows the heat map
for both structures in Fig. 4.1.19. As shown, the EBG structure helps in eliminating the backward
propagating waves towards the connector body. However, slight asymmetry and reduction in the

side lobe level are expected due to the connector body.
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Figure 4.1.20: Electric field heat map with and without EBG surface.
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4.1.7  Experimental Prototyping results

Fig. 4.1.21 shows the actual fabricated prototype of the array structure. The size of the connector
is massive compared to the antenna size. Introducing such a connector, for the sake of
measurement, distorts the radiation pattern. Therefore, a longer feeding microstrip line is used to
feed the antenna to reduce the connector effect on the antenna pattern. The extended feeding line
introduced high losses. It is important to note that the connector with long feeding line exists only
for measurement purposes. However, in the practical integrated system, the antenna is to be
connected directly to the next circuitry stages, which could usually be a bandpass filter or an
amplifier. Thus, such adverse effects of the connector can be mitigated. Fig. 4.1.22 shows the
measured radiation pattern in principal planes. Fig. 4.1.23 shows measured and simulated gain and
antenna efficiency as well as the reflection coefficients. A gain of 22 dBi is achieved with a
matching bandwidth of 13.3%. As can be seen, an acceptable agreement with simulated results is
observed, some drop in the measured gain (21 dBi) over the simulated results is also noticed due
to higher losses in the material over the simulated one. One of the main reasons for such losses is

the glue used to stack the substrate layers on top of each other.

(a) (b)

Figure 4.1.21: Actual array fabricated prototype, (a) top, and (b) bottom view.
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Figure 4.1.23: Realized gain, reflection coefficient, and efficiency of the proposed antenna array.

The efficiency is calculated over the band of interest; the efficiency of the array goes up to 88
%. The efficiency is plotted in dB scale in Fig. 4.1.23, as the figure shows, the efficiency is around
-0.55 dB. Table 4.1.5 compares the proposed antenna array with others in the literature. As can
be seen, the gain of the proposed antenna array is higher than any 4x4 antenna array, and this is
the main merit of the proposed antenna in this work. As by the feed of only 4x4 elements, the gain
of the antenna can be improved dramatically and can compete with a higher number of element
arrays. This can be easily deduced by the fact that doubling the antenna array size would result in
an ideally 3-dB increase in the gain. The use of the induced secondary sources between the
elements allows such an increase in the antenna gain. As well, it allows for the considerable
distance between the elements without significant high grating lobes. Moreover, the elevated
distance allows more freedom in increasing the slot width in order to improve the bandwidth. The
bandwidth of the proposed antenna array goes up to 13 %. Nonetheless, the ME dipole elements
and excited cavity slots are always superior in their bandwidth performance due to their known
low-quality factor feature. The concept of reducing the feed points to obtain the same gain
performance level, by the use of the induced secondary sources without generating grating lobes,
is very advantageous at millimeter-wave frequencies, wherein such case the design of the feeding
network can be relaxed significantly, in such a way to satisfy the gain requirement less number of
elements has to be fed, and this reduces the size of the feeding network, and the incorporated losses

in the feeding structure.
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Table 4.1.5: Comparison with other works

Ref. Frequency Array Type ]il]irrrrlg:rs BW (%) Gain (dBi)
[2] 60 GHz Gap Waveguide Slot Array 8x8 14 25
[39] 60 GHz PCB Fringing Fields Ant. 1x4 11.6 16
[28] 60 GHz PCB Monopoles 1x2 11.6 14
[12] 60 GHz SIW Slot Antenna Array 12x12 4.17 22
[21] 60 GHz Patch Antenna Array 4x4 11.6 18
[45] 60 GHz SIW Slot Antenna Array 4x2 11.6 12
[46] 60 GHz SIW Slot Antenna Array 8x8 17.1 22.1
[47] 60 GHz Patch Antenna Array 4x4 9.5 18.2
[48] 60 GHz Patch Antenna Array 4x4 28 16
[49] 60 GHz SIW Slot antenna array 4x4 20.8 18.3
[50] 60 GHz Microstrip Antenna Array 4x4 25.5 15.2
[51] 30 GHz SIW slot antenna array 4x4 8.5 19.1
[52] 45 GHz Microstrip Antenna Array 4x4 24.4 18.8
[53] 30 GHz SIW slot Antenna Array 4x4 4.6 16
[54] 60 GHz Patch Antenna Array 4x4 18.3 17.5
Present 60 GHz Slot Antenna Array 4x4 13 21
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4.2 Wideband Millimeter-Wave DRA with Gain Enhancement
4.2.1 Introduction

Dielectric Resonator Antenna (DRA) is preferred at millimeter-wave frequencies due to their
high efficiency [15], [73]-[79]. Moreover, in the case of millimeter-wave frequencies, the size of
the DRA becomes smaller, and with the use of the appropriate dielectric constant, the size of the
DRA shrinks more. Therefore, the common bulky feature of DRA is not as severe at millimeter-
wave frequencies compared to lower frequencies. For broadside radiation, several gain
enhancement techniques were adopted for the DRA such as Yagi-Uda concept [80], superstrate
planar lens [81]-[84]. However, these techniques increase the antenna height and have limited

bandwidth.

In this section, a novel technique is proposed to enhance the gain of a DRA antenna over a
wideband range of frequencies. The proposed antenna structure has a relative bandwidth of 27.5-
% in the 60 GHz band and a peak realized gain of 12.5 dBi. The peak of the total antenna radiation
efficiency is 96 %. The proposed antenna is suitable for high data rate short-range personal area
networks applications. Printed Electromagnetic Band Gap (EBG) technology is used to feed the
antenna to eliminate any parasitic radiation from the feed line. The characterization of 60 GHz
antennas is very challenging. The end launch connector used to feed the antenna at such frequency
is relatively massive compared to the antenna dimensions, and that consequently affects the fidelity
of the characterization of the antenna, especially if it is in the vicinity of the antenna. EBG surfaces

have been used to resolve such characterization impairments.

4.2.2  Proposed Dielectric Resonator Antenna Structure
Qualitative Analysis

Fig. 4.2.1 shows a simplified sketch, conveying a theoretical abstraction of the proposed antenna
structure, such sketch is very descriptive and essential in grasping the radiation mechanism of the
proposed structure. If a DRA is surrounded by a dielectric ring and the width “d” of the dielectric
ring is in the range of a quarter guided wavelength. Then, the ring acts as a reflector [85], where

the incident radiated waves generated from the DRA gets trapped within the dielectric ring
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material, and a minimal amount of energy leaks beyond the dielectric ring [85]. Therefore, the
trapped fields within the dielectric ring are equivalent to radiating secondary sources, as per the
equivalence principle presented in [64]. The secondary sources radiate in a constructive way with
the main DRA. Therefore, the radiation is boosted significantly in the boresight direction. The
phase and magnitude of the secondary sources can be controlled by controlling the vertical and

horizontal dimensions of the dielectric ring [85].

In DRAs, it is known that various modes can be excited; each mode has its unique radiation
characteristics. In this section, we investigate the TM31 Mode, which is known for having relatively

higher gain and bandwidth than the other lower order modes [86].

Dielectric Resonator Antenna (DRA)

/
/
$n
d
| A
Substrate Dielectric Ring
/_" v PEC 4
X

Figure 4.2.1: Sketch of the DRA surrounded by a dielectric ring.

The TM31 mode suffers from a relatively high level of radiation off the boresight direction. In
the following section, we show that the proposed technique resolves the off-boresight radiation of

the TM31 mode in addition to enhancing the antenna gain.

4.2.3  Proposed Dielectric Resonator Antenna Structure

Fig. 4.2.2 shows the proposed DRA antenna structure. The antenna is fed by a narrow slot. The
slot is coupled to a Printed Ridge Gap Waveguide “PRGW” feed line. Rogers 6010, with a
dielectric constant of 10.2 and a thickness of 0.635 mm is used for the DRA material. The
rectangular ring also uses the same substrate material with the same thickness. The dispersion

diagram of the EBG cell is removed for brevity, indicating that the EBG of this cell between 47 to
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74 GHz. The patch radius is 0.41 mm, via radius is 0.125 mm, and cell periodicity of 1.1 mm.
Further details about PRGW can be found in [87]-[89].

Substrate 4

Rogers 6010
0.635 mm

Substrate 3
Rogers 5880
0.254 mm

Substrate 2
Rogers 5880
0.254 mm

Metallic
Mushroom Cells

Substrate 1
Rogers 3003
0.254 mm

Figure 4.2.2: Proposed DRA structure.

Fig. 4.2.3 shows the magnetic scalar and vector field heat maps of the proposed DRA. As can
be noticed from the heat maps, the DRA is excited with TM3i1. The main sources are located within
the DRA, and the excited secondary sources are trapped within the rectangular dielectric ring. All
together radiate in phase in the boresight direction. As also noticed from the vector field heat map
in Fig. 4.2.3, the electromagnetic waves are trapped in the dielectric ring as a standing wave and
have minimal propagation beyond the ring. Also, it is to be mentioned that the DRA modes are
excited by the slot antenna, and the dimensions of the DR determines the resonance and the modes
excited within the cavity, and as the DRA radiates, the wave impinges on the dielectric ring and
gets trapped in the dielectric ring as a standing wave, in such a case the ring field distribution
depends on the wave-front of the impinging waves generated from the DRA, as can be seen from
the vector field heat map, the front of the wave spreads almost similar to a dipole pattern, and this
explains the spread of the mode along the horizontal direction. However, the vertical direction is
governed by the quarter wavelength width to minimize the wave propagation beyond the dielectric
ring. In simple words, the rectangular DRA 1is usually excited internally by a slot. Therefore, it is

governed by the DR resonances, but the ring is excited externally by the impinging waves on it. It
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is not also governed by the ring cavity resonances, but by the quarter wavelength width to

maximize reflectivity.
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Figure 4.2.3: Magnetic vector and scalar field heat maps for the proposed DRA structure.
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Figure 4.2.4: Magnetic field heat map for the DRA with/without a dielectric ring (same H-field
scale as in Fig. 4.2.3).
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The DRA TM31 mode is known to have high relative bandwidth. However, it has relatively high
radiation off the boresight direction. This can be illustrated by comparing Figs. 4.2.4-4.2.6. Fig.
4.2.4 shows the heat map of the DRA with and without the dielectric ring. Fig. 4.2.5 compares the
directivity in each case, which shows a significant gain enhancement. Fig. 4.2.6 shows the
radiation patterns in each case, as can be seen, the gain is enhanced, and the radiation level off

boresight is reduced for the ring case, in addition to the cross polarization reduction.
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Figure 4.2.5: Directivity of the DRA with/without a dielectric ring.

Figure 4.2.6: Radiation patterns with and without the dielectric ring at 60 GHz.
(Red) with a dielectric ring, (Blue) without a dielectric ring, right (E-plane),
left (H-plane), Solid (Co-polar), Dashed (Cross-polar), at 60 GHz.
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In the process of realizing the structure, the rectangular DRA must be aligned in the middle of
the dielectric ring. The alignment of the DRA is very critical in such case, especially for a DRA
operating at 60 GHz, where the dimensions can go in the order of sub-millimeters. Therefore, as
the antenna can couple weakly in the H-plane, the insertion of a dielectric slab, as shown in Fig.
4.2.7 along the x-axis will not have any significant effect on either the antenna impedance or
radiation characteristics. Therefore, the second structure shown in Fig. 4.2.7 is preferred over the
first one. In such a case, the DRA and the rectangular ring are connected to reduce the
misalignment possibility between them. From the heat map shown in Fig. 4.2.7, it can be seen that
the connecting part has no effect. The coupling through the alignment slabs is very week. Fig.
4.2.8 shows a top view of the proposed antenna structure, and the corresponding dimensions are
shown in Table 4.2.1. Fig. 4.2.9 shows the reflection coefficient and the realized gain for both
structures (with/without alignment arms), as can be noticed from the figure, the differences
between the two structures are minimal as expected. The antenna has a relative bandwidth of 27.5
% (16 GHz bandwidth). The peak realized gain goes up to 12.6 dBi with stable performance over
the frequency band. Fig. 4.2.10 shows the radiation pattern in the principal planes for the DRA

structure with the alignment arms.
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Figure 4.2.7: Magnetic vector field heat map for the DRA with/without alignment arms (same H-
field scale as in Fig. 4.2.3).
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Figure 4.2.8: Top view of the proposed DRA structure.
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Figure 4.2.9: Gain and reflection coefficient of the proposed DRA structure.
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Table 4.2.1: Proposed DRA structure dimensions in (mm)

A B C D E F G H
7.6 51 655 4.05 0675 1.8 2.7 1.6875
1 J K L M N O P

065 1.25 03 1 08 07 125 125

Figure 4.2.10: Red (H-plane), Blue (E-plane), Solid (co-polar component), Dashed (cross-polar
component) at 60 GHz.
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For measurements, the antenna must be connected to an end launch connector. The connector
size is massive compared to the antenna size. Fig. 4.2.11-(a) shows the antenna connected to the

end launch connector.

EBG mushroom cells to
suppress backward
propagating waves

(b)

EBG mushroom cells on both
sides of the antenna
ensure symmetry in radiation
characteristics

Figure 4.2.11: (a) Proposed DRA, (b) with single EBG surface, (c) with double EBG surfaces.
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The copper surface acts as a hard surface to the normal component produced by the antenna.
Therefore, the backward propagated waves towards the connector will be scattered from the
connector body that distorts the radiation characteristics of the antenna. To prevent the backward
waves from propagating towards the connector body, an EBG surface can be inserted as shown in
Fig. 4.2.11-(b). The used mushroom cell is a circular mushroom cell with a patch radius of 0.47-
mm, a via radius of 0.125-mm, a Rogers 3003 substrate material of 0.254 mm thickness. The cell

dispersion diagram is shown in Fig. 4.2.12.

It can be noticed that the antenna still has significant radiation in the end-fire direction, which
can be easily observed from the radiation pattern shown in Fig. 4.2.10. In such a case, diffracted
fields have a significant level. As one side of the antenna diffracts the fields from the PEC edge,
the other edge diffracts the fields from the EBG edge. Therefore, the asymmetry between the two
edges type shows its effect on the radiation pattern. To resolve this issue, a double EBG surface
on both sides is used, as shown in Fig. 4.2.11-(c). Fig. 4.2.13 shows the corresponding electric

field heat map for the proposed structures in Fig. 4.2.11.

Fig. 4.2.14 shows the radiation patterns for each structure. As can be seen from Fig. 4.2.14 the
double EBG surface structure has the lowest cross-polarization level and the best front to back
ratio as expected. Also, the heat map in Fig. 4.2.13 shows clearly the effect of the diffracted fields
from the edges in higher back-lobe radiation and asymmetry of the radiation pattern. Fig. 4.2.14-
(d) shows the 3D radiation pattern of the double EBG surfaces structure.

Fig. 4.2.15 shows the fabricated prototype for the proposed DRA. Fig. 4.2.16 shows the
measured radiation patterns in the principal planes and Fig. 4.2.17 shows the measured gain and
S-parameters. Good match with the simulated results is observed. The measured gain goes up to
12.6 dBi. The 10 dB return loss bandwidth is 27.5 %. Some slight differences within an acceptable
limit are observed due to the glue and tolerances of the used materials and dimensions. Such results
show that the proposed EBG and alignment techniques are adequate in countering the
measurement challenges at 60 GHz. The total simulated radiation efficiency is also shown in Fig.

4.2.17, maximum efficiency of 96% is achieved.

110



110 : - :
100 [ / ~

© O
o O
T T

~
o
T

Band Gap

Frequency (GHz)
3

50» cecccseccee
40 Mode 1
30 f Mode 2
Mode 3
20T —-—-Light Line
r X M T
Wavevector

Figure 4.2.12: EBG unit cell dispersion diagram.
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Figure 4.2.13: Electric field heat maps for the proposed structures in Fig. 4.2.11.
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Figure 4.2.14: Radiation patterns in the principal planes for the proposed DRA structures shown

in Fig. 4.2.11. Red (H-plane), Blue (E-plane), Solid (Co-polar Component), Dashed (Cross-polar

Component). (a) no EBG, (b) single EBG, (c) double EBG surfaces and (d) 3D radiation pattern
of the proposed DRA structure with double EBG surfaces.

Figure 4.2.15: Actual prototype of the proposed DRA structure.
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Figure 4.2.16: Measured and simulated E- and H-plane radiation patterns of the proposed DRA
structure. Red (Simulated Co-polar), Dashed-Blue (Measured Co-polar), Dashed-Purple
(Measured cross-polar), Dashed-Green (Simulated cross-polar) right (H-plane), left (E-plane),
from bottom to top 65, 60, and 55 GHz.
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Figure 4.2.17: Measured S-parameters and gain of the proposed DRA structure.

It is worth emphasizing that the ring is governed by the guided quarter wavelength width as
contrast to [90], where a patch parasitically excites higher order modes in an annular ring. The
proposed design possess an advantage, where it minimizes the off-boresight radiation and
maintains a neat radiation pattern in the boresight. The design procedure is straightforward. The
ability to employ the element in a planar array without generating grating lobes is possible by

sharing the ring sides as explained in the previous chapter.
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CHAPTER 5

ENHANCED WIRELESS INTER-CHIP
COMMUNICATION PERFORMANCE USING
SYMMETRIC LAYERS AND SOFT/HARD SURFACE
CONCEPTS

5.1 Wireless Inter-Chip Communication

5.1.1 Introduction

Electrical interconnects between various sub-circuits within an IC, or between several adjacent
ICs, play a vital role in defining the performance limits of any system. As the frequencies of
operation have been into a gradual increase, the design of interconnects, whether within the IC
environment (Intra-chip) or between several adjacent ICs (Inter-chip), turn into a more challenging
task [91]-[93]. As the frequencies of operation increase, the proper interconnect guiding structure
dimensions become infeasible to realize, or it might exhibit a high level of losses, and large
intrinsic RC time delay [94]. Moreover, by the increase of the number of interconnects, the mutual
coupling between the interconnect structures become more severe, not to mention the complexity,
and associated cost of such design. The wireless interconnects concept (wireless intra-chip/inter-
chip communication) emerged as a suggested remedy to the high frequency interconnect problem
[95], targeting several potential applications, such as wireless clock distribution [96]. In [97],
several fundamental aspects and concepts related to wireless inter/intra-chip communication were
laid out. It introduced the actual gain formula to characterize the link quality between
communicating antennas. It also identified the main paths of propagation between the transmitting
and receiving antennas [94], which consequently led to the study of several substrate materials to

reduce the indirect wave destructive interference effect, and correspondingly enhance the link
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budget between communicating antennas. In [98] unbalanced on-chip fed meander antenna was
prototyped at 22-28 GHz, it used high resistivity substrate to increase the received signal level. In
[99], an FR4 PCB substrate channel was bounded by metamaterial absorbing cells to improve the
link quality between communicating monopoles. In [100] vertical quarter wavelength monopoles
surrounded by a 3D printed dielectric distribution were prototyped at 60 GHz, the special designed
3D printed dielectric distribution enhanced the communication quality and provided a higher
energy focus in the desired direction.

In this section, we provide a study of several aspects of wireless inter-chip communication
between adjacent ICs. The symmetrical layers concept is introduced as a general approach to
eliminate the destructive interference and redirect the wasted radiated energy to free space towards
the receiving antenna. In addition, the use of hard/soft surfaces and EBG structures to focus the
radiated energy towards the receiving antenna is studied thoroughly. The use of such concepts has
tremendous advantages, in focusing the energy towards the receiving antenna and eliminating the
spherical spreading losses introduced by the radiated spherical wave nature. The incorporation of

the symmetrical layers with hard/soft surfaces led to novel compact wireless inter-chip structures.

5.1.2  Symmetrical Layers Concept

In [97], the primary propagation paths between the transmitting and receiving antennas for
wireless intra/inter-chip communication were identified, the primary path is the direct line of sight
path between the transmitting and receiving antennas. The other paths trace the reflected waves at
the interfaces between different layers. It was shown in [97] that the reflected waves from the
interfaces destructively interfere with the direct wave, and consequently lessen the received signal
strength. The original case of the problem is shown in Fig. 5.1.1, as the figure shows, two dipole
antennas are printed on a dielectric substrate, the first antenna is a transmitting antenna (i.e.,
connected to a transmitter circuitry), and the second antenna is a receiving antenna (i.e., connected
to a receiver circuitry). The transmitting dipole antenna radiates its electromagnetic energy in an
omnidirectional fashion. The radiated energy can be divided into the following: (1) portion of the
radiated energy is radiated to free space, (2) another portion is radiated directly towards the
receiving antenna, and (3) some of the energy is radiated within the substrate and reflected towards

the receiving antenna. The receiving antenna is only capable of capturing the radiated energy

116



towards it, either directly from the transmitting antenna, or reflected through the substrate. The
rest of the radiated energy is wasted and cannot be captured by the receiving antenna. This has a

crucial implication on lowering the link budget of such wireless link.

To tackle this issue, another top substrate can be used to cover the previous structure, as shown
in Fig. 5.1.2. By doing so, the wasted radiated energy to free space is directed back to the receiver

antenna from the reflection from the top substrate-air interface.

The solution of a dipole antenna excitation in a dielectric substrate layer is a
straightforward problem; such problem can be either solved analytically using Green’s functions
or numerically by various methods, such as the finite element method (such problem can be easily
solved with a full wave analysis solver such as HFSS). However, in [94], [97], [98], [101], it was
shown that using a ray model has a significant advantage in providing a physical understanding
and a simple approximation in analyzing such a problem. The ray model is based on physical optics
approximation, which provides a compelling physical insight, and better visualization of the
interaction of the fields within the structure, such visualization is useful through the design process

of the structure.

Radiated Energy to Air
Re vy
N\ 7 _
Direct Wave
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.

Transmitted Waves to Air

Figure 5.1.1: Two dipole antennas printed on a dielectric substrate.
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Figure 5.1.2: Two dipole antennas printed on a dielectric substrate covered with a top substrate.

Transmitted Waves to Air

Figure 5.1.3: Proposed symmetrical layers analysis configuration.

In [94] it was shown that the reflected waves from the bottom of the substrate and the direct
waves interfere at the receiver antenna location, such interference can be destructive, in such a
way that deteriorates the link budget of the wireless link. In [97], different substrate thicknesses
were used in order to minimize the destructive interference problem. A parametric study is
provided in [97]. As it was shown in [97], the destructive interference effect is more severe for a

thicker substrate, this can be easily attributed to the difference between the path lengths (i.e., time
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delays) for both the direct and reflected propagating waves, also as the substrate thickness gets
higher, the reflected wave and direct wave propagation directions deviates more from each other.
On the contrary, when the substrate thickness is low (i.e., thin), the direct wave and reflected wave
directions are almost parallel, and the paths’ lengths are almost the same. Therefore, the effect of
destructive interference won’t be significant in such a case. The case of interest is when the
substrate is thick, or more generically for any arbitrary substrate thickness. In the proposed solution
in Fig. 5.1.2, not only the direct wave from the substrate interferes with the reflected wave from
the bottom substrate-air interface, but it also interferes with the reflected waves from the top
substrate-air interface. This adds another degree of freedom that can geometrically eliminate the
destructive interference and direct the energy towards the receiving antenna, without resorting to
any modification in the substrate material electrical properties and thickness, the only required
condition to ensure the elimination of the destructive interference, is by having equal substrate

thicknesses for the top and bottom substrates (i.e. symmetrical layers).

Fig. 5.1.3 shows the analysis configuration of the proposed symmetrical layers concept. The
transmitting antenna is modeled as an injected current element source. The receiving antenna is
assumed to be located on the line of sight at a distance Dxaway from the transmitting antenna.
Both transmitting and receiving antennas are sandwiched by the same substrate material. It is to
be shown that if the thicknesses of the upper and lower substrates are equal, then the effect of
destructive interference can be eliminated. The following assumptions are followed in the analysis
of the proposed concept. Surface waves at the interfaces between different materials are ignored.
The radiating source is assumed to be an ideal line current source (TE - 2D case), where physical
optics approximation is assumed for the radiated cylindrical wave from the source, the accuracy
of this approximation increases by increasing the substrate thickness (i.e., when the dielectric-air
interface is electrically far from the source). It is important to emphasize that even though this
might differ from an accurate full-wave solution for the electric dipoles within the same
configuration, the analysis provides compelling insights into the structural, physical
characteristics, which can be efficiently utilized with the aid of a full-wave simulator tool, such as
HESS, to optimize the wireless inter-chip link performance. As shown in Fig. 5.1.3, the transmitted
waves from the source split into three paths. The first is the direct path from the transmitter to the
receiver, shown in red, with a path length equal to Dx. The second and third paths are the reflected

wave’s paths’, shown in blue and green, with path lengths equal to /. and I», respectively. The total
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electric field at the receiver is equal to the sum of the direct field component, and the reflected

waves components, as expressed in (5.1.1), k is the wavenumber given by k =27/, and 4, is

the wavelength in the dielectric medium. The reflection coefficients for such TE polarization are
given by (5.1.2). From Snell’s law, the refraction angles of the transmitted waves are given by

(5.1.3) [36].

E" = B + EL,e ™ + EL,e (5.1

_ \/8_rcos(9aqb) —cos(@;,)

ab = (5.1.2)
! \/87,005(49“’,))+cos(6?;,h
6., =sin” (|J, sin(8,,)) (5.1.3)

In the case of the symmetrical layers, the thicknesses of the upper and lower substrates are equal,
which implies that the reflected angles, reflection coefficients, and the lengths of paths of the

reflected waves are equal, and correspondingly (5.1.1) can be rewritten as:
E" =Ee " (1420 ,e ™)) (5.1.4)

If the dielectric constant of the substrate is high enough, high reflectivity is expected at the
interface. Also, in the critical angle scenario, the reflection coefficient magnitude of I',is
maximum equal to 1, and by tuning the distance D_, the direct and reflected waves can add up in

phase and (5.1.4) can reduce to (5.1.5).
E =3Ee " (5.1.5)

As (5.1.5) points out, three times increase over the direct wave is obtained (equivalent to 9.5
dB). This approach requires that the transmitting and receiving antennas to be sandwiched between
two identical substrates to eliminate the destructive interference and redirect the wasted radiated
energy to free space towards the receiving antenna. Other proposed solutions can be derived from
this approach. For example, the use of absorbing metamaterial cells bounding the substrate [99],

as illustrated in Fig. 5.1.4, forces I', =0, and eliminates any possible reflected waves to interfere

with the direct wave. However, in such a case, the energy absorbed by the metamaterial cells is
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lost. Hence, the received signal strength is reduced, and correspondingly the signal to noise ratio

(SNR).
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Figure 5.1.4: Absorbing metamaterials cells bounding the substrate configuration.

On the other hand, the use of other substrate materials with different electrical properties and
thicknesses is only a matter of controlling the magnitude of the reflected waves. The main
advantage of the symmetrical layers concept is that it ensures redirecting the waves from the
substrate-air interface towards the receiving antenna in a constructive way. Moreover, it allows

high flexibility in material selection by being independent of the used material.

At this point, it is worth comparing the symmetrical layers structure with the single substrate
layer structure. The single substrate layer analysis configuration is shown in Fig. 5.1.5. The total
electric field at the receiver point is given by (5.1.6) and (5.1.7). As can be deduced from (5.1.7),
a constructive addition can still be possible in this case, however, the superposition of the direct
and reflected waves will result in a total wave propagating towards free space. In addition to that,
the radiated energy from the antenna to free space is wasted. Hence, lowering the link budget of
the wireless inter-chip link. Therefore, the enhancement for the link budget of the symmetrical
layers structure is attributed to: (1) redirecting the wasted energy to free space towards the

receiving antenna, and (2) eliminating the destructive interference at the receiver antenna location.

E"=E

Oe—jka +E0r‘be_jklh (5.1.6)
E" =Ee™ (14T,e ) (5.1.7)
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Figure 5.1.5: Single substrate layer analysis configuration.
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Figure 5.1.6: Parallel plate waveguide reflectors.

To further enhance the link budget of the wireless inter-chip link, the dipole antenna is backed
by a reflector, as shown in Fig. 5.1.6, where a metallic sheet can be located at the top and bottom
of the substrate. Such an arrangement can be viewed as a parallel plate waveguide. The parallel
plate waveguide TE cut-off frequency is much higher than the operating frequency of the antennas,
and as the antennas are producing only TE polarization, non-of the backward waves can propagate

in the parallel plate waveguide. Therefore, the parallel plate waveguide acts as a reflector.
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5.1.3  Different Design Concepts on Wireless Inter-Chip
Structures

A.  Symmetrical Layers Wireless Inter-Chip Link Structure

Fig. 5.1.7 shows the proposed antenna structure and lists the dimensions in millimeters. Fig.
5.1.8 shows the proposed symmetrical layers wireless inter-chip link structure. The structure
operates in the frequency range 50-60 GHz. The structure is composed of three substrates, all using
Rogers 3003, with a dielectric constant of 3. The antennas are dipoles fed differentially through
baluns. The three substrates allow the antenna to be symmetrically located in the middle as if it
was equivalently sandwiched between two equal thickness substrates. Substrate 2 is used for the
balun and the feed of the antenna. The balun ground plane is tapered to provide a smooth matching
transition; the tapered ground plane also assists in increasing the aperture area of the antenna by
capturing more energy at the edge discontinuity of substrates 1 and 3. The dipoles are also backed
by reflectors. The reflector sheets are located on top of substrate 1 and bottom of substrate 3. From
another perspective, they can be considered as a parallel plate waveguide, with its TE cutoff
frequency to be much higher than the operating frequency of the proposed wireless interconnect,
which accordingly prevents the radiated energy from the antenna to propagate back towards the

feed, and focuses it towards the receiving antenna.

Corner Fillet: 6-mm

Figure 5.1.7: Proposed antenna structure (all dimensions are in millimeters).
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" Rogers 3003, Thickness,0.5mm Substrate 1

Substrate 2 ﬂ

u ‘ — . ,u
Rogers 3003, Thickness 0.25mm Substrate 3 Section A-A

Figure 5.1.8: Proposed symmetrical layers wireless inter-chip link structure.

The asymmetric single layer structure is similar to the symmetrical layers structure. However, it
only excludes substrate 1 to produce asymmetry. The designed balun exhibits around 1-dB loss
for the differential mode, as shown in Fig. 5.1.9. This is equivalent to the 2-dB loss in the link
budget when counting for both baluns at the transmitter and receiver sides. Such loss in the balun
takes the form of radiation losses, and this is expected, especially for microstrip line technology,

at such high frequency (i.e., 60 GHz).
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Figure 5.1.9: Balun structure S-Parameters.

The tapered ground plane is crucial in matching the antenna over the desired bandwidth. In
addition to that, it helps in transmitting, and reciprocally receiving/capturing some of the radiated
energy, as if the tapered ground plane is acting as a secondary antenna. The receiving problem can
be looked at as follows: (1) the dipole antenna along with its reflector constitutes an antenna
aperture area, this aperture captures the incident wave on it, and direct the energy to the differential
feed, none of the energy can bypass the dipole-reflector aperture. (2) Outside the aperture of the
dipole-reflector structure (i.e., on the upper and lower sides), the energy is guided by the edges of
the tapered ground plane towards the differential feed. Thus, the tapered ground plane acts as a
secondary aperture. (3) As the propagating wave is TE polarized, it can’t propagate beyond the
ground plane, since the ground plane forces the tangential electric field component to be zero (soft
surface for TE polarization), and therefore it can only propagate along the edges of the ground
plane in the form of a normal component, which is perpendicular to the edge of the tapered ground
plane, and hence guided towards the feed lines. Fig. 5.1.10 shows the electric field heat map
intensity at different phases. As can be noticed from the heat map, the waves located at the upper
and lower sides of the heat map are captured by the tapered ground plane, while the waves in the

middle are captured by the dipole-reflector antenna.
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Figure 5.1.10: Proposed symmetrical layers structure electric field intensity heat map at different
phases (at 55 GHz).
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Figure 5.1.11: Wireless inter-chip link structure with hard surface metallic strips.

B. Soft/Hard Surfaces Wireless Inter-Chip Link Structure

The dipole antenna E-plane is parallel to the substrate, and the H-plane is perpendicular to both
the substrate and the antenna. The objective of inter-chip wireless communication is to focus the
radiated energy as much as possible in both planes. Ideally to squeeze the radiation beam to a zero
beam-width, focusing all the energy from the transmitter to the receiver, similar to the case of point
to point laser communication. However, this ideal scenario is far-fetched at microwave
frequencies. To increase the focusing in the E-plane, metallic strips are aligned between substrate
1 and 2, as shown in Fig. 5.1.11. The metallic strips act as a hard surface (go) in the direction of
propagation for only the antenna polarization. Further explanation of the mechanism by which
hard and soft surfaces function is provided in [102], [68]. Using such metallic strips (hard surface)
increases the directivity in the E-plane, where it allows the wave to only propagate in one direction,
which is the go direction (i.e., towards the receiving antenna). The dimension “D” in Fig. 5.1.11

is 2.4 mm, the width of the strip is 0.2 mm, and the spacing between the strips is 0.193 mm.
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C. EBG Wireless Inter-Chip Link Structure

Another approach to increase the directivity and focus the energy further in the E-plane is to
block the wave from propagating in all undesired directions. This can be achieved by using
electromagnetic bandgap (EBG) structures. EBG structures can provide a stopband, where no
propagating waves (modes) can exist within the structure [37]. The EBG cell used is a circular
mushroom type, as shown in Fig. 5.1.12. The cell dispersion diagram is shown in Fig. 5.1.13. A
bandgap of 33 GHz bandwidth exists from 42 GHz to 75 GHz. Fig. 5.1.14 shows the proposed
EBG structure for wireless inter-chip communication. The mushrooms are located in substrate 1,
and its copper cover is laid at the bottom of substrate 3. Fig. 5.1.14 shows the boundary of the
mushrooms, which is everywhere, except the line of sight direction between the antennas. Fig.

5.1.15 shows an enlarged segment of the proposed structure in Fig. 5.1.14, the corresponding

dimensions are in millimeters.

PEC Cover

-----

X Substrate 3
Rogers 3003

Thickness 0.25mm

Substrate 2

< Rogers 3003

Thick 0.5
Substrate 1 rekness Lomm

Diameter

Figure 5.1.12: Proposed mushroom cell structure.
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Figure 5.1.13: Proposed mushroom cell dispersion diagram.
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Figure 5.1.15: Enlarged segment of the proposed structure in Fig. 5.1.14.
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D. PEC (Soft-Surface) Wireless Inter-Chip Link Structure

The dipoles in the previously proposed structures are oriented to produce TE polarization. Any
PEC surface will act as a soft surface by forcing the tangential electric field component to zero.
This observation inspired the structure shown in Fig. 5.1.16. In this figure, a metallic copper
surface is put in-between substrate 1 and 2 everywhere except the line of sight direction between
the antennas. This structure has the same objective of increasing the directivity and focus the
energy in the E-plane by blocking the wave from propagating in all undesired directions. The merit
of such structure is its simplicity in being planar, and the avoidance of the metallic vias which
might not be feasible to realize at higher frequencies (due to their tiny dimensions). As such, it is
low-cost as compared to the EBG structure. In addition, the simplicity of the structure makes it
less susceptible to manufacturing tolerances once compared to EBG structures. Furthermore, the
conductor edges act as a hard surface for the antenna polarization while the flat surface is soft for
this polarization. It should be stated that the cross-polarization component will be the only leaking
polarization that sees the flat conducting surface as a hard surface. Fig. 5.1.17 shows an enlarged

segment of the proposed structure in Fig. 5.1.16, the corresponding dimensions are in millimeters.

Metallic surface acting
as a soft surface

Figure 5.1.16: PEC (soft-surface) wireless inter-chip link structure.
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Figure 5.1.17: Enlarged segment of the proposed structure in Fig. 5.1.16.

Fig. 5.1.18 shows the S-parameters of the proposed wireless inter-chip link structures. As it can
be observed, there is a considerable leap in S21 value for the symmetrical layers structure over the
single layer structure (around 9 dB). Also, by adding the strips, further improvement in S21 value
is achieved. The EBG structure and the PEC soft surface solution have higher S21 value over the
strips solution. It is noticed that the S2:1 level of the EBG case is remarkably stable over the desired
band. However, it is still more expensive than the PEC soft surface solution; the PEC soft surface
structure can provide the same S21 value with less stability over the matching bandwidth, the PEC
soft surface structure requires no vias, which makes it advantageous because of its simplicity and
low cost as compared to the EBG solution. All proposed solutions are matched with a return loss
greater than 10-dB from 50 to 60 GHz, with an equivalent relative bandwidth of 20 %. A -5.6 dB
S21 value can be achieved over a distance Dx = 12 mm, between the transmitter and the receiver. It
is important to point out that the S21 value considers the balun losses at both ends, which is around
2-dB. The extra losses can be avoided if the differential feeding is provided directly from the IC,
which is usually very common to have such balanced output (i.e., differential) from the IC output
pins. Fig. 5.1.18 shows the S21 phase for all proposed structures. It is noticed that all structures

have a linear phase, assuring a dispersive free communication channel.
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Fig. 5.1.19 compares the electric field intensity heat maps for the proposed structures. The heat
maps are provided at the antennas’ level, and the scale is unified for all structures, as shown in the
same figure. The heat map gives visual insights into the propagation mechanism of each solution.
The first heat map shows the single layer electric field intensity, the spherical spreading of the
wavefront in the E-plane is noticeable. Also, it can be noticed that the tapered ground plane helps
in capturing some of the radiated energy, as explained previously. The second heat map refers to
the symmetrical layers structure. It can be noticed that the electric field intensity is higher than the
single layer as expected due to the proposed symmetrical layers. The third shows the strips hard
surface structure, as it shows, the E-field intensity is higher in the middle, which implies that the
directivity is higher in the E-plane. Also, as the heat map shows, the inclusion of the strips hard
surface has increased the received signal level over the symmetrical layers structure as expected.
The fourth and fifth heat maps refer to the PEC (soft surface), and EBG structures. As the heat
map shows, the radiated energy from the antenna is confined in the area lacking the PEC soft
surface, or the EBG structure, in other words, the radiated energy can’t propagate within the EBG
or the soft surface region, and this consequently led to higher levels of directivity in the E-plane.
Also, the spherical wave spreading in the E-plane is eliminated by adding the EBG/PEC soft
surface structure, where the structures tend to behave in a similar fashion to guided structures.
However, the antenna is still unbounded by any metallic structures, and radiation losses to free

space are not negligible as in the traditional guided structures.
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5.1.4  Wireless Inter-Chip Link Budget (Link Losses)

In [97], a key figure of merit to benchmark the inter-chip wireless communication link quality
was proposed. The key figure of merit is referred to as the actual gain formula; the actual gain
formula is given by (5.1.8) [97]. The formula is a sort of modified version of Friis equation, which
quantifies the total power loss along the path from the transmitting to the receiving antennas. The
formula given in (5.1.8) assumes that the transmitting and receiving antennas are in perfect
alignment, and there are no polarization losses. This equation considers the boost due to the

transmitter and receiver gains, Grand G, respectively. It also takes the spherical spreading loss of
the radiated waves into account. Such spreading loss is modeled by the term (4/47R)>. It can be

inferred from the spherical spreading loss term that an extra loss of 6-dB in the actual gain occurs

R

for each doubling in the distance. The dielectric loss is modeled bye“*, where a is the

attenuation factor in Np/m.

2 2
G, = |2SZ‘| —=GG, (ij ek (5.1.8)
(1_|Sll| )(1_|Szz| ) 47R

The PEC soft surface performance is studied at two distances Dx and 2Dx. The S-parameters are
shown in Fig. 5.1.20. The E-field heat map is shown in Fig. 5.1.21 for both cases. It is noticed
that the losses are almost negligible between the two cases, and this is because the losses are only
attributed to the dielectric losses, which are negligible at such distance for the used substrate. The
spherical spreading loss is not there anymore, as the PEC soft surface prevents the wave from
spreading in a spherical nature, and confines it to the line of sight region only as shown in Fig.
5.1.21. This has a tremendous advantage where the expected loss due to doubling the distance in
S21 value is eliminated. It is noticed that some of the S21 values for the longer distance are better
than, the shorter version of the structure at some off-centre frequencies. This can be explained by
noticing that the matching level of the antennas at these frequencies is lower for the shorter distance

version.
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In the single layer structure, one significant effect is the reflected waves from the side edges of
the substrate in the E-plane, as can be seen from Fig. 5.1.22. The reflected waves which are mostly
captured by the tapered ground plane can interfere destructively with the direct wave between the
two dipoles as seen from S21 level in Fig. 5.1.23 at 51.7 GHz. This suggests that the width of the
substrate should be increased to shift such destructive behavior outside the band of interest, which
is not practical. However, when the PEC (soft surface for this polarization) is used on the sides, as
shown in Fig. 5.1.21, these waves are suppressed, and the substrate width is not of concern. Aside
from the destructive behavior, the 6 dB loss due to the spherical spreading waves can be noticed
with the double distance structure. It should be clear that the antenna is not radiating in a

homogeneous medium. Therefore, variation in the 6 dB difference value is expected.
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Fig. 5.1.24 shows the heat map of the electric field in the H-plane for the proposed structures. It
is noticed that the symmetrical layers structure has less radiation loss to free space once compared
with the single layer structure as expected. Also, the radiation loss at the balun location is

noticeable. The radiation losses at the discontinuity locations are also evident.
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It is also noticed that for the EBG and the soft surface structures, the discontinuity radiation at
the edge between the balun substrate and the multi-layer substrates sandwiching the antennas is
more severe. This is attributed to the proximity of the vertices and edges of the EBG and PEC

surface structures. The vertices and edges are strong sources of diffracted fields.

5.1.5 Experimental Prototyping Results

From the previous sections, it was concluded that the soft PEC surface structure is optimal in
terms of its cost and performance. Therefore, the soft PEC surface structure is fabricated, as shown
in Fig. 5.1.25 shows the actual fabricated prototype for this structure. Fig. 5.1.26 shows the
experimental setup. The fabricated structure is the same structure previously studied and detailed
in Figs. 5.1.16 and 5.1.17. The experimental setup consists of a Vector Network Analyzer (VNA),
to measure the S-Parameters of the Device under Test (DUT). Anritsu testing fixture is used to
measure the S-parameters of the device. The testing fixture has been calibrated using the well-
known TRL (Thru, Reflect, and Load) method. The reference planes were set at the edges of the
microstrip line input-output of the DUT. Fig. 5.1.27 compares the measured S-parameters to the
simulated ones, an acceptable agreement between simulated and measured results is observed. The
wireless inter-chip link covers the frequency range from 50 to 60 GHz, with a relative bandwidth
of 20%. It is worth emphasizing that the baluns introduce around 2-dB loss in the link budget as
concluded from the balun structure simulation in Fig. 5.1.9. Such losses can be avoided if the

differential feeding is provided directly from the integrated circuit output pins.

It is also worth noting that in wireless inter-chip communication, the antennas can be either
integrated within the chip, or can be kept outside the chip, and printed on the board holding the
chips. Integrating the antenna inside the chip will have a great advantage in mass production.
However, lower efficiencies are expected in such a case. Depending on the frequency, the antenna
size would play a role in increasing the cost as well. In [32], the antennas were integrated within
the chip, but to enhance the communication link, directors were printed on the Rogers substrate
board holding the two chips. In contrast, our proposed solution, the whole antenna structure is

printed on the Rogers substrate.
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Figure 5.1.25: Actual fabricated prototype, bottom view (left), and top view (right).
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Figure 5.1.26: Experimental setup.
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Figure 5.1.28: Measured Phase and Group Delay

Fig. 5.1.28 shows the measured phase and group delay; a fair agreement with simulated
results is observed. The linear phase and constant group delay indicate a dispersive free channel
behaviour. The fabrication and measurement at 60 GHz are very challenging; the effect of the glue
and the tolerance in the material and structure dimensions are very severe. At RF frequencies and
even up to 10 GHz, we expect better agreement. However, at 60 GHz, a few tiny deviations in the
fabricated prototype produce a significant difference in the results. Not to mention the effect of the
surrounding environment, especially for such an open structure, where ideally the measurement
should be done in an anechoic chamber, to be in line with the simulation that assumes open free
space around the structure. However, the results show good agreement for such low-cost
fabrication at 60 GHz, further refinement through several prototypes in a more accurate fabrication
facility for industrial and commercial purposes is still possible. Nonetheless, the results are very

acceptable for verification purposes.
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5.2 One-To-Two Wireless Inter-Chip Communication
Link

5.2.1 Introduction

In this section, we study wireless inter-chip communication between adjacent ICs in extreme
conditions, where the communicating antennas are misaligned, and the communication link is bent
at a 90-degree angle. The study is also extended to include 1:2 wireless inter-chip links, where one

transmitting antenna can communicate with two receivers simultaneously.

5.2.2  90-Degree Bend Path

In section 5.1 an inter-chip link structure between two aligned antennas operating between 50-
60 GHz was proposed [103]; the structure uses symmetrical layers concept, and soft surfaces to
enhance the link budget [85]. The structure is composed of three substrates, all of Rogers 3003,
with a dielectric constant of 3. The antennas are dipoles fed differentially through baluns. The
three substrates allow the antenna to be symmetrically sandwiched between two equal thickness
substrates [93]. Substrate 2 is used for the balun and antenna feed. The balun ground plane is
tapered to provide a smooth matching transition; the tapered ground plane also assists in increasing
the aperture area of the antenna by capturing more energy at the edge discontinuity of substrates 1
and 3. The dipoles are also backed by reflectors sheets located on top of substrate 1 and bottom of
substrate 3. The sheets can be considered as a parallel plate waveguide with its TE cutoff frequency
much higher than the operating frequency. Therefore, they suppress backward radiation from the
antenna towards the feed. Thus, focusing the antenna radiation towards the receiving antenna. The
designed balun exhibits around 1-dB loss, which is equivalent to a 2-dB loss in the link budget due
to the two Baluns at the transmitter and receiver. Such loss takes the form of radiation losses,

which is expected, especially for the microstrip line technology in the 60 GHz band.

In this section, we consider an extreme condition of misaligned antennas by introducing a 90-
degree bend (polarization mismatch [72]). In such case the polarization mismatch is high, however,

by employing the hard-soft PEC structure [68], [102], the transmitted energy can be redirected to
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the receiving antenna at a 90-degree angle, where the surrounding PEC hard edges guide the waves
similar to a typical guiding structure. Fig. 5.2.1 shows the proposed 90-degree bend structures. The
path length is 2Dx (Dx = 12mm). Two cases are considered. The first case uses the PEC hard/soft
surface structure in [103] bent at a 90-degree angle. The second case uses the same structure with
an Electromagnetic Band Gap (EBG) periodic structure on the sides of the 90-degree bend. Fig.
5.2.2 shows the electric field heat map for each structure. It is noted from the heat map that the
leakage is less in the EBG case. As expected, the EBG structure eliminates the existence of any
propagating modes within its bandgap [68]. On the other hand, the soft surface only eliminates the

tangential component to the surface.
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Figure 5.2.2: 90-degree bend structures electric field intensity heat map at 55 GHz,
left (Case (1): Soft Surface), and right (Case (2): EBG).
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Fig. 5.2.3 shows the S-parameters for both cases. From the S-parameters, it can be noticed that
the EBG structure S21 value is almost 1-dB higher than the soft surface structure. As well as Fig.
5.2.3 shows that the 90-degree bend S2:1 value is 3 dB lower than the straight case. The 3-dB loss
of the 90-degree bend is attributed to the radiation losses at the bend location and the fact that the
H-planes of the antennas are not coupled as in the straight case. Fig. 5.2.4 shows the heat map of
the electric field in the H-plane for the 90-degree soft surface bend. The intensity of the field drops

at the corner point of the link due to the leakage as expected.
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Figure 5.2.3: Doubling the distance and the 90-degree bend S-parameters.
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Figure 5.2.4: Electric field heat map in the H-plane for the 90-degree bend (soft surface structure
case) at 55 GHz, E-field scale is the same as in Fig. 5.2.2.

5.2.3  1:2 Wireless Inter-Chip Link structures

Fig. 5.2.5 shows three proposed structures for the 1:2 wireless inter-chip communication links,
the first two links are T-shape, and the third is a Y-shape structure. The PEC 1:2 T-shape structure
generates vertical component modes at the bend location, such generated modes can leak over the
PEC surface and contribute significantly to the link budget losses. In such a case, the S21, S31 value
goes down to -20 dB. The EBG T-shape structure suppresses all types of modes within its band
gap. Therefore, the link budget, in this case, is almost 3-dB below the 1:1 bent structure, where the
3-dB here is the division factor between port 2 and 3. In such case, S21 and S31 value is around -
11.5 dB. To avoid using an EBG structure, the PEC structure can be brought up to the level of the
EBG structure by having a Y-shape junction. The Y-shape PEC structure reduces the number of
vertical component modes generated from the discontinuity, as can be observed from Fig. 5.2.6,
and hence reduces the losses in the link budget. The S-Parameters in Fig. 5.2.7 shows that the EBG
T-shaped junction and the PEC Y-shaped junction have almost the same S21 and S31 level.
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Figure 5.2.5: Proposed 1:2 wireless inter-chip link structures, Port 1 is TX, Port 2 and 3 are RXs,
(a) EBG T-shape power divider, (b) PEC T-shape power divider, and (c) PEC Y-shape power
divider.
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Figure 5.2.6: Proposed 1:2 wireless inter-chip link structures electric field heat maps at 55 GHz.
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divider. E-Field scale is the same as in Fig. 5.2.2.
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Fig. 5.2.8 shows the fabricated prototype for the Y-shape structure. The experimental setup

consists of a Vector Network Analyzer (VNA), to measure the S-parameters of the Device under

Test (Y-shape structure). Fig. 5.2.9 compares the measured values with the simulated results,

reasonably good agreement between both is noticed.

150



Sy4s S5, (dB)

s,, (dB)

30 b \[.|——PEC (v-Dividen)s_ ,. S
. ' | ==m==PEC (Y-Divider) S

21,31 (Simulated)

117 821 (Measured)

S35 e . |= = PEC (Y-Divider) S, (Measured)
-40 i : i | |
50 52 54 56 58 00

Frequency (GHz)

Figure 5.2.9: Proposed 1:2 wireless inter-chip link structure measured S-parameters.
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CHAPTER 6

CONCLUSION AND FUTURE WORK

6.1 Conclusion

Adapting to the current requirements for future generations of wireless technologies at
millimeter-wave frequencies, our designs have focused on the design of low-cost, low-profile,
planar, and high gain antennas at 60 GHz. The proposed structures suit short range, low power
applications, such as wireless personal area networks (WPAN). The proposed structures can be
realized in any modest fabrication facility. The first antenna proposed a new design perspective,
which utilizes microstrip line discontinuities radiation, to create an efficient, high gain, 60 GHz
low-profile antenna. The proposed antenna uses only a single substrate and has a high gain of 11.5
dBi; the antenna can be used in a linear array with the separation distance between the elements in
the order of a wavelength without generating grating lobes. The compelling feature of the proposed
structures is the simplicity, and low-cost (single substrate with no vias), while at the same time
maintaining a very high gain at the element level and a decent bandwidth. The second proposed
antenna utilized the diffracted fields from plane metallic sheets to achieve a gain of 11 dBi. The
antenna has a matching bandwidth of 7 GHz (from 57 to 64) to cover the 60 GHz ISM band. The
antenna can be employed in a linear array with around one wavelength distance between the feed
points without generating any grating lobes. A new design procedure was proposed; the proposed
design procedure can transform the radiation characteristics of an electric or magnetic current
element to ME dipole characteristics. The proposed procedure doesn’t require the orthogonal
combination of the magnetic and electric current elements. Hence, the procedure possesses a
significant advantage, where it avoids the need for a quarter free-space wavelength spacing
between the current element and the metallic ground plane, making a low-cost, and high-

performance solution. A novel technique was proposed to enhance the gain of a DRA antenna over
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a wideband range of frequencies, producing a high gain low-cost solution. A study of several
aspects of wireless inter-chip communication between adjacent ICs at mm-wave frequencies was
provided. The symmetrical layers concept was introduced as a general approach to eliminate the
destructive interference and redirect the wasted radiated energy to free space towards the receiving
antenna. In addition, the use of hard/soft surfaces and EBG structures to focus the radiated energy
towards the receiving antenna was studied thoroughly. The use of such concepts had tremendous
advantages, in focusing the energy towards the receiving antenna and eliminating the spherical
spreading losses introduced by the radiated spherical wave nature. The incorporation of the
symmetrical layers with hard/soft surfaces led to novel compact, low-cost wireless inter-chip

structures with enhanced link budget performance.

6.2 Future Work

The scope of future work is vast. This work targeted low-cost planar antenna structures.
Many possibilities of developing new structures are still possible with different printed
technologies such as substrate integrated waveguide (SIW) technology. SIW cavity antennas are
known for wideband performance. Using slots-cavity printed antennas instead of high-Q resonant

antennas can have a significant improvement on the bandwidth.

The concept of diffracted fields and using secondary sources to reduce the number of feeding
points, relax the feeding network complexity design, and boost the gain with reduced side-lobe
level, has been generalized. Thus, the use of PEC, PMC, and Dielectric materials is valid with
various type of sources. This suggests many various possible other realizations, with different
AMC novel surfaces, and different type of sources. In such a case, the gain, side-lobe level, and
bandwidth metrics can be tailored to satisfy the required specifications, taking into consideration

a low-cost solution.

Antennas are a crucial part of any transceiver front end; it is usually integrated with filters and
amplifier circuits. The co-design of filters, amplifiers, and antennas is highly desirable. The
antenna impedance and frequency response can be co-designed in a complementary fashion to
achieve the overall system required specifications. The antenna geometry can be designed to

satisfy both radiation and filtration requirement (single structure acting as both antenna and filter
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at the same time). The study can be extended to minimize the cost and optimize the performance

of the whole transceiver chain.

The antenna input impedance can be redesigned to match the output of an amplifier or a filter
circuit. The input impedance can be altered from the typical 50 Ohm value. The value that

optimizes the performance metrics (gain, bandwidth, etc.) is worth studying.

Furthermore, modifying the currently proposed antennas to operate as circularly polarized
antennas is highly desirable. Integrating the proposed structures at the chip level is highly
recommended. More rigorous mathematical models for the proposed structures are also of high
value. The study of the packaging of inter-chip links is also suggested as future work. The study
of integrating the proposed antenna elements with Frequency Selective Surfaces (FSS) and

beamforming networks could lead to enhanced novel steering solutions.
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Appendix A

Derivation of the total electric field using UTD

The parameters for the reciprocal problem shown in Fig. 3.2 are given as follows:

Q=0 =T, 9 =0.¢,=7-¢.,L=p,,p,=p,=D,

Using these parameters, the diffraction formulation in (3.2) - (3.4) becomes:

The incident electric field at the edges can be written as:

For boresight (¢ = 90°), the derivation of (A.3-A.6) can be obtained as follows:

E)icnc (Ql) — Eoejkp] cos(¢)

E)icnc (Qz) — Eoe*jkpz cos(@)
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This concludes that the total electric field in the boresight direction as a function of Ds can be

written as given by (A.11).

2AID, v n
Ef’zE{l—F( Dj—“e’“‘Ds "”} (A.11)

27—
A .4

The second term of (A.11) resembles a Lituus spiral. In this case, the trace of the spiral can be
roughly approximated with concentric circles centered at the spiral center. Hence, the approximate
maximum of (A.11) can be obtained when the second term phase is an odd integer multiple of m,
and the approximate minimum when it is even multiple integers of m. Hence, the peaks and the

dips in the gain as a function of the distance from the dipole can be written as follows:

For the peaks — kD +7/4=n1

Where n,is a non-zero odd integer number (n, =1,3,5,..)

p ==V 03751.1.3754.2.3754, ...

s sSmax

For the dips — kD, + 7 /4=n1

Where n,is a non-zero even integer number (n, =2,4,6,..)

p_W-b,

s 8 smin

=0.8754,1.8754,2.8754, ...

156



Appendix B

Multilayer Transmission Line Analysis

Fig. B.1 shows the steady-state analysis of a plane wave impinging on a dielectric slab. This
problem can be equivalently solved with the transmission line model shown directly below. The
characteristic impedance of each section and the load value are given by Equations (B.1) - (B.3)

where the intrinsic impedance of the free space is given by 7, =377 Q. Using Snell’s law and the

input impedance equations from the transmission line theory, Equations (B.4) - (B.8), the input
reflection coefficient can be calculated. Fig. B.2 shows the calculated reflection coefficient
magnitude versus the slab thickness, as can be seen, maximum reflection and minimum
transmission can be achieved when the slab thickness is multiple odd integers of a quarter guided
wavelength. The used dielectric constant of the slab in this calculation is 10.2. Fig. B.3 shows the

reflection coefficient for a quarter guided wavelength slab for all the angles of incidence [29], [64].

Fig. B.1: Steady-state analysis of a plane wave impinging on a dielectric slab.
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Fig. B.2: Calculated reflection coefficient magnitude versus the slab thickness
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